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Abstract 
Though hazelnut (Corylus L.) breeding has a long history, the discipline is still in the 
early stages of its development. Global hazelnut production continues to rely on wild selections 
and local cultivars in many countries. The lack of new cultivar development is a consequence of 
underutilization of the wide genetic diversity that exists within the genus and an exceptionally 
long breeding cycle. This cycle requires a minimum of eight years from seed to seed (generation 
time) and an additional nine years for selected individuals to proceed through replicated 
performance trials to cultivar release. At present, layering techniques are the primary method for 
asexual propagation of Corylus selections during the breeding cycle. While effective, that 
technique is relatively archaic and yields of successful cuttings are low. Propagation by cuttings 
provides an alternative with a higher production potential; however, variable root induction rates 
and bud abscission among traditional Corylus cultivars currently limit this approach. A recent 
study suggests use of ethylene-blocking compounds in combination with low auxin levels may 
help overcome these challenges. Presently, the efficacy of these treatments is known for only a 
narrow selection of C. avellana genotypes. In addition to working to overcome challenges 
associated with propagation, breeding efforts have expanded germplasm collections to increase 
sources of eastern filbert blight (EFB) resistance. Screening for EFB resistance greatly 
complicates breeding efforts because Anisogramma anomala (the causal pathogen of EFB) 
contains notable genetic and pathogenic variation. Screening U.S. collections for EFB resistance 
is largely done by phenotyping, which is problematic because A. anomala has a 12- to 16-month 
symptomless latent period that delays the culling of susceptible plants. Refinement of recently 
developed real-time polymerase chain reaction (PCR) protocols that provide early detection of 
EFB susceptible seedlings would greatly improve the capacity and pace of cultivar development. 
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This thesis focuses on ways to increase breeding efficiency by improving: 1) protocols used to 
propagate stem cuttings and, 2) early detection of EFB susceptibility in seedling populations. A 
hybrid hazelnut (C. americana x C. avellana) progeny population was used in two experiments 
to observe adventitious rooting and bud abscission after treatment with low indole-3-butyric acid 
(IBA) (≥1000 ppm) and low IBA plus ethylene-inhibiting silver nitrate. Using subterminal 
softwood stem cuttings, adventitious root formation occurred at a rate of 62% or greater and bud 
abscission was not observed in either experiment. These results indicate adventitious rooting of 
softwood stems cuttings is a promising method for hybrid hazelnut breeders to use. To address 
the EFB screening bottleneck, a real-time PCR protocol for A. anomala detection in stem tissue 
was adapted by increasing the size of stem tissue sampled by 2-3 fold. This modification allowed 
for successful detection of anomala infection in symptomless seedlings 30 days after inoculation. 
Detection success was not improved by later (55 and 90 days) sampling. In addition to improving 
early diagnosis of A. anomala infection, this assay could be used to study A. anomala growth and 
development following infection.  
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Chapter 1: An overview of hazelnut development and breeding in the U.S. 	  
Introduction: A greater role for tree crops  
 Current projections of population growth and modern consumption patterns indicate that 
another two-fold increase in food production will be needed to keep pace with demand (as 
reviewed in Foley et al., 2011). Conventional monoculture systems have expanded and 
intensified through the use of synthetic fertilizers, pesticides, irrigation, and mechanization and 
this has resulted in a two-fold increase in global grain yields over the mid-twentieth century 
(Foley et al., 2005, 2011; Gibbs et al., 2010; Godfray et al., 2010). Continued expansion of 
croplands, which occupy about 12% of the Earth's unfrozen terrestrial surface (pasture lands 
utilize another 26%), may not provide a sustainable way to satisfy demand. Intensification of 
annual crop production systems on existing lands has been the dominant strategy used to increase 
production but that approach is being questioned because row crop systems are reputed to be 
responsible for 30-35% of greenhouse gas emissions and 70% of our fresh water consumption 
(Anser et al., 2004; Foley et al., 2005, 2011; Ramankutty and Foley, 1999). To satisfy our needs 
we must develop agricultural systems that produce food and help mitigate climate change 
without harming the environment (Foley et al., 2005, 2011). Techniques that have been 
identified as ways to help satisfy the dual goals of food production and environmental protection 
that are compatible with annual crop systems include: crop rotation, conservation-tillage, cover 
cropping, organic management, use of climate resilient or low-input crop varieties, and precision 
management (Asbjornsen et al., 2012; Foley et al., 2005, 2011). Production systems that rely on 
perennial crops (e.g. pasture fruit and nut production) should be pursued with equal or greater 
vigor. These systems have superior environmental performance because they require less 
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physical disturbance and retain vegetative cover throughout the year.  These systems can provide 
significant advantages for carbon sequestration, erosion control, water filtration, reduced 
nitrogen loss, and wildlife habitat generation (Asbjornsen et al., 2012; McIsaac et al., 2010; 
Montagnini and Nair, 2004; Nair et al., 2008; Smith et al., 2013). Additionally, underutilized 
strategies such as the use of perennial grains, multifunctional landscapes, and agroforestry could 
be added to existing agricultural landscapes and/or expand the available land base used for food 
production to include areas not well suited to annual cropping (Asbjornsen et al., 2012; Molnar 
et al., 2013b; Montagnini and Nair, 2004; Nair et al., 2008; Smith, 1929). Perennial crop systems 
vary in input intensity; many systems rely on fertilizers and pesticides and require irrigation.  
Our ability to expand and optimize perennial crop production systems will depend upon the 
amount of effort and resources devoted to this goal. 
 To date, efforts to promote strategic adoption of perennial production systems in the 
Midwest U.S. have been directed towards development of perennial grasses to serve as 
bioenergy feedstocks for ethanol (Asbjornsen et al., 2012). Very little research has been devoted 
to tree crops even though they might provide many of the same benefits to the region (Jose, 
2012; Molnar et al., 2013b; Smith, 1929; Udawatta and Jose, 2012).  Related research that has 
been conducted in the region has focused mostly on agroforestry for non-food uses (Jose, 2012; 
Udawatta and Jose, 2012).  While commercial nut production is currently largely restricted to the 
coastal U.S., several academic entities are attempting to expand nut production in the East and 
Midwest through breeding efforts focused on endemic nut bearing species, including Corylus 
and Castanea (chestnut) (Molnar and Capik, 2012a).  
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Developing hazelnuts for North America	  
Relevant Corylus species	  
An overview of Corylus. For decades, Turkey and Italy have led global hazelnut production. In 
2012, these countries accounted for approximately 70% and 15% of the world's production, 
respectively (FAOStat, 2012). This production is predominately derived from heritage selections 
made from wild populations. The U.S., Spain, France, Georgia, and Azerbaijan together 
contribute the final 15% of production (FAOStat, 2012). Australia, Chile, China, France, Spain, 
and the U.S have all reported breeding initiatives or national increases in orchard establishment 
at a recent International Congress on Hazelnut meetings (Baldwin and Guisard, 2014; Ellena et 
al., 2014; Grau et al., 2001; Grau and Bastias, 2005; Mehlenbacher, 2005; Molnar et al., 2005; 
Rovira et al., 2014; Xie et al., 2014). If development continues in these regions, the distribution 
of global hazelnut production is likely to expand in the coming decades.  
 Expansion of commercial hazelnut production in the Midwest will require materials that 
can overcome high overwintering pressure and eastern filbert blight (EFB) disease pressure from 
the endemic fungus Anisogramma anomala (Peck) E. Müller (Lagerstedt, 1975; Molnar et al., 
2005; Molnar, 2011; Molnar and Capik, 2012a; Rutter, 1987; Weschcke, 1954). The EFB disease 
causes severe stem girdling, branch dieback, and even mortality in susceptible plants following 
infection and systemic growth of the fungus within the vascular tissue (Gottwald and Cameron, 
1980b; Johnson and Pinkerton, 2002). Breeding efforts in North America have focused attention 
on Corylus avellana L. (European hazelnut), which is the most valued species of the Corylus 
genus; it ranks sixth in global production amongst all nut crops (FAOStat, 2012), because it 
possesses desired traits for commercial production that include large and consistent kernel size, 
mass, and quality, thin shells, multiple nuts per cluster, and regressed husks that drop nuts when 
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ripe. Other members of this family are being pursued as potential sources of cold tolerance 
and/or disease resistance (Coyne et al., 1998, Molnar, 2011; Molnar and Capik, 2012a; Rutter, 
1987; Weschcke, 1954). 
 The genus resides within the birch family (Betulaceae) (Chen et al., 1999; Yoo and Wen, 
2002), and contains wide genetic diversity that includes approximately 10 polymorphic species 
divided into four subsections: “Corylus”, “Siphonochlamys”, “Colurnaea”, and 
“Acanthochlamys” (Thompson et al., 1996; Erdogan and Mehlenbacher, 2000a, 2000b). The 
potential for interspecific hybridization is high within subsections, and controlled crosses can 
occur between subsections as well (Mehlenbacher, 1994; Erdogan and Mehlenbacher, 2000a). 
Each species bears edible nuts and has imperfect monoecious flowers that are self-incompatible 
and wind pollenated. All Corylus species are thought to be diploid with 22 chromosomes (2n = 
22). Due to sporophytic self-incompatibility, outcrossing wild Corylus spp. create heterogeneous 
populations and heterozygous plants (Mehlenbacher, 1997; Erdogan and Mehlenbacher, 2001).  
Accordingly, wild Corylus populations provide breeding programs with considerable genetic 
diversity to draw upon (Boccacci et al., 2006, 2008; Erdogan and Mehlenbacher, 2000b; Gürcan 
et al., 2010; Sathuvalli and Mehlenbacher, 2012). The next sections review the present 
geographic range, important qualities and role of species of particular relevance to U.S. breeding 
programs. 
 
Corylus avellana. The native range of C. avellana extends widely through Europe and into Asia 
Minor, stretching from the United Kingdom east to the Russian Ural Mountains. The western 
boarder continues south to the countries surrounding the Black Sea and into the north of Iran. 
Regions surrounding the Black Sea account for the majority of the world's hazelnut production. 
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The southern boarder continues westward from Turkey near to the Mediterranean coast in Spain. 
Wild populations are also found in Morocco and Algeria (Kasapligil, 1972). In the wild, plants 
are typically found in the understory of deciduous forests as multi-stemmed shrubs.  
Corylus avellana ranges in height between 3 and 10 m. and has variable stem and branch 
quantity and thickness, leaf (elliptical, ovate, or rounded) and involucre (husk) shape, and nut 
cluster size. Wild C. avellana has the largest nuts within the genus, and its nut, kernel, and husk 
morphology are the closest to commercial hazelnut standards. Most kernel and nut traits (e.g. 
kernel weight, flavor, shell thickness, ease of pellicle removal, and nut and kernel defects) 
maintain moderate to high narrow sense heritability (Mehlenbacher, 1994; Yao and 
Mehlenbacher, 2000). This makes intraspecific crosses between wild C. avellana selections and 
commercial C. avellana cultivars a preferred way to maintain desirable quantitative traits while 
new characteristics such as cold hardiness or disease resistance are introduced. Unfortunately, 
the species as a whole is highly susceptible to EFB. This is due to the fact that A. anomala is not 
endemic to Europe and, that region maintains tight quarantine policies that have prevented that 
disease from spreading to Europe. As a result, canker development and spread are severe and 
mortality results within four to 10 years of C. avellana infection by EFB (Johnson and Pinkerton, 
2002). Descriptions are derived from Mehlenbacher (1991), Thompson et al. (1996), and Molnar 
(2011).  
 
Corylus americana and hybrid hazelnut. The American hazelnut (C. americana Marshall) is 
another promising member of the genus. The native range of C. americana includes a large 
portion of the U.S east of the Rocky Mountains. Wild populations are found as far south as 
Oklahoma, Georgia, and Florida and as far north as plant hardiness zone two, including most 
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northern states east of North Dakota. The species is found in nearly every state within these 
boarders, typically along roadsides, forest edges, or riparian zones. It is also found in the 
understory of savannas or thin forests where sufficient light penetrates through the canopy. 
According to Thompson et al. (1996) and Molnar (2011), wild plants sucker vigorously to 
produce highly stemmed shrubs ranging from 1-3 m in height. Their nuts and kernels are much 
smaller and more variable in shape than C. avellana and do not possess the desired circular form. 
As a whole, C. americana holds little commercial value for the in-shell nut and kernel markets 
on its own. The nuts typically exist in clusters from one to 10, and have dramatically varying 
husk morphology. The nuts are often completely encased and prove difficult to access once ripe.  
 North America breeding programs consider C. americana as a promising source for cold 
hardiness and disease resistance. For decades, American breeders have recommended 
interspecific hybridization between C. americana and C. avellana as a means to expand 
commercial hazelnut production throughout North American by providing a durable source of 
resistance to EFB. Today, C. americana persists as the sole endemic host of the fungus A. 
anomala, and this species expresses varying degrees of tolerance. Resistance or tolerance could 
be conferred to improved varieties through natural and artificial interspecific hybridizations 
between C. americana and C. avellana, which occur readily (Erdogan and Mehlenbacher, 2000a, 
2001; Molnar and Capik, 2012b). While the inheritance of EFB resistance from C. americana is 
observed in some progeny, little is known about the mechanism except that inheritance appears 
to be under polygenic control (Molnar et al., 2009; Molnar and Capik, 2012b). Once EFB 
resistant C. americana x C. avellana hybrids are developed, it will likely require multiple 
generations of backcrossing to recover the superior yield and kernel characteristics observed in 
C. avellana (Molnar, 2011). Unfortunately, these improvements will need to rely on phenotypic 
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selection of EFB resistance because molecular markers associated with resistance alleles needed 
to facilitate more efficient backcrosses are not yet available for C. americana. Breeders that 
develop advanced generations of C. americana x C. avellana hybrids, termed ‘hybrid hazelnuts’ 
from here forward, will want to utilize the genetic diversity existing within breeding collections 
and move beyond phenotypic screening as quickly as possible.  
 
Corylus cornuta and C. heterophylla. Additional promising germplasm resources for hazelnut 
improvement in the Midwest include C. cornuta and C. heterophylla. Corylus cornuta (Beaked 
hazelnut) is native to North America and is valuable to breeding programs for EFB resistance 
and cold hardiness. C. heterophylla (Siberian hazelnut) is found in Eastern Asian countries 
across an extremely wide range of environments and so is considered to be valuable as a source 
of material for climate adaptation and EFB resistance (Chen et al., 2007; Coyne et al., 1998; 
Molnar, 2011).  Unfortunately, nut set is minimal in hybrids generated by crossing C. cornuta to 
C. avellana; and, the reciprocal cross is largely incompatible (Erdogan and Mehlenbacher, 
2000a, 2001). Unlike C. cornuta, C. heterophylla has useful nut set rates when used as the male 
parent and nut and kernel characteristics are superior to those of C. americana. There may be 
significant potential to enhanced disease resistance using these materials. Of particular promise 
is the fact that controlled A. anomala inoculations of C. cornuta and long-term field trials report 
complete resistance to EFB within the species (Chen et al., 2007; Coyne et al., 1998). While C. 
heterophylla is not an important part of selection efforts at present, its use by U.S. breeders as a 
germplasm source is likely to increase in the future. 
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The state of hazelnut breeding programs in the U.S.  
 In the U.S., cultivar development programs exist in the Pacific Northwest, the East Coast, 
and the Midwest. Associated efforts are taking place at Oregon State University (OSU), Rutgers 
University (RU), University of Nebraska, University of Wisconsin, and the University of 
Minnesota. All of these universities employ a similar breeding cycle (Figure 1.1) (Mehlenbacher, 
2009, 2011), with each adapting their programs to accommodate variation in disease and over 
wintering tolerance (Molnar and Capik, 2012a).  
Eastern filbert blight remains a central focus of U.S. hazelnut breeders after over 40 years 
of research studying its biology, genetic and virulence diversity, and sources of host (Corylus 
spp.) resistance (Molnar and Capik, 2012a). The most notable difference among programs is the 
variation in the parent material selected to provide the source of resistance to EFB, which is step 
1 in the breeding cycle. Traditional research on inheritance and genetic characterization of EFB 
resistance carried out at these institutions (Molnar et al., 2009; Muehlbauer et al., 2014b) relies 
on two different breeding strategies to transfer resistance into C. avellana genotypes possessing 
suitable nut quality (i.e. round medium to large nuts, commercial grade kernel, high yield, and 
regressed husks that release nuts). The first strategy employs wild EFB resistant C. avellana 
selections in intraspecific crosses.  Institutions relying on this method vary selection criteria for 
parent plants according to need for cold hardiness. A second dominant breeding strategy uses C. 
americana or the hybrid hazelnut as the parent imparting EFB resistance in controlled 
pollinations (Molnar and Capik, 2012a). This tactic requires a greater number of backcrosses to 
recover nut and kernel traits from the C. avellana parent. The following three sections review the 
history of hazelnut breeding in North American academic institutions.  
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Oregon State University. Hazelnut cultivation began in the Pacific Northwest in the late 1800’s. 
Growers were able to utilize the traditional C. avellana cultivars cultivated in Europe because of 
the mild, Mediterranean-like climate and the absence of A. anomala in regions west of the Rocky 
Mountains (Gleason and Cronquist, 1998). Unfortunately, EFB made its way to the region in the 
late 1960's (Davison and Davidson, 1973) and since then it has spread throughout the Pacific 
Northwest to cripple the industry and render most cultivars obsolete (Gottwald and Cameron, 
1980a; Pinkerton et al., 1992; Thompson et al., 1996). The arrival of EFB in the region prompted 
the establishment of hazelnut breeding at Oregon State University (OSU) in Corvallis, Oregon in 
1969. That program, which is now considered to be the most extensive hazelnut-breeding 
program in the U.S., prioritized development of EFB resistant cultivars.   
 In 1975, members of the OSU team observed that mature ‘Gasaway’ plants were free of 
the disease even though they were located in a heavily diseased orchard (Cameron, 1976). At 
that time, ‘Gasaway’ was considered to be an obsolete male pollinator of little value. By 1989, 
an inheritance study of four progeny with ‘Gasaway’ as the paternal parent concluded that 
‘Gasaway’ was heterozygous for a single dominant resistance gene, identifying ‘Gasaway’ as the 
first EFB resistant C. avellana genotype (Coyne et al., 1998; Mehlenbacher et al., 1991). This 
simple inheritance pattern provided a pathway for relatively straightforward introgression of 
EFB resistance into commercial C. avellana genetic backgrounds using the first breeding 
strategy. Although this information on the ‘Gasaway’ gene was available in 1989, the first 
commercial cultivar with the 'Gasaway' resistance gene, ‘Yamhill’, was not released from 
performance trials until 2009, followed by 'Jefferson' and 'Wepster' in 2011 and 2014, 
respectively (Mehlenbacher et al., 2009, 2011, 2014). 'Gasaway' derived cultivars have provided 
a ~6,000 ha increase in hazelnut production in Oregon since 2010’ (Dr. S. Mehlenbacher, 
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personal communication cited in Leadbetter et al., 2015). Today, OSU continues to conduct 
genetic studies on the Corylus genus, emphasizing C. avellana, and the program has identified 
molecular markers linked to resistance on three different linkage groups (Sathuvalli et al., 2011a, 
2011b, 2012, 2014a). Research on C. avellana has generated a linkage map comprised of several 
hundred molecular markers that can be applied to work with other Corylus spp. (Gürcan et al., 
2010; Muehlbauer et al., 2014b; Sathuvalli and Mehlenbacher, 2012).  
 
Rutgers University. Rutgers University (RU) leads hazelnut breeding and research efforts within 
A. anomala's endemic region. Investigators at RU pursue both breeding strategies, looking to 
source both hardiness and resistance by exploiting wild populations of both C. americana and C. 
avellana (Molnar and Capik, 2012a). Beginning in 1996, the RU nut breeding program was 
focused on approximately 10 underutilized temperate tree nut crop species. By 2001, RU focused 
exclusively on hazelnut breeding because this species had greater precocity, smaller architecture, 
and was more amenable to intra- and inter-specific hybridizations than other prospects (Erdogan 
and Mehlenbacher, 2000a, 2001; Molnar and Capik, 2012a). The RU program’s initial research 
included testing the durability of OSU's EFB resistant germplasm when inoculated with A. 
anomala isolates collected throughout the pathogen’s endemic range (Molnar et al., 2010b). 
Some selections contained the 'Gasaway' resistance gene. These initial germplasm screens 
suggested A. anomala varies in pathogenicity based on the fact that EFB infection occurred on 
several selections and cultivars that had been completely resistant in Oregon (Molnar et al., 
2010a, 2010b). This prompted U.S. hazelnut breeding programs to consider gene pyramiding 
schemes and intensify efforts to source new germplasm with genetic resistance to EFB (Molnar 
and Capik, 2012a; Sathuvalli et al., 2014a, 2014b). Today, RU has identified many new 
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selections with complete or high levels of resistance to EFB primarily through use of traditional 
breeding methods (Capik and Molnar, 2012; Capik et al., 2013; Leadbetter et al., 2015; Molnar 
et al., 2007).  In 2013, Molnar et al. developed a real-time polymerase chain reaction (PCR) 
assay as an early generation phenotyping tool that screens EFB-susceptible genotypes by 
detecting A. anomala during its latent phase in infected seedlings.  
 In collaboration with OSU, RU first validated sources of EFB resistance from wild C. 
avellana populations in collections obtained from Russia and Crimea (Molnar et al., 2007). Of 
605 seedlings they collected, eight were found to remain completely free of EFB cankers and an 
additional five were found to be highly resistant (Molnar et al., 2007). Since then, RU continues 
to report new EFB resistant seedlings collected from Crimea, Estonia, Latvia, Lithuania, 
Moldova, Poland, Russia, and Turkey; to date they have identified over 100 selections as 
potential sources of resistance (Capik and Molnar, 2012; Capik et al., 2013; Leadbetter et al., 
2015; Muehlbauer et al., 2014b). Initial studies show genetic diversity is present amongst the 
EFB-resistant selections that resulted from their germplasm collections. Using both intraspecific 
and interspecific crosses, the RU program has generated over 15,000 hazelnut seedlings that are 
presently under evaluation and has 14 genotypes under advanced evaluation for commercial 
release (Molnar and Capik, 2012a).   
 
The University of Nebraska and National Arbor Day Foundation. Located in Nebraska City, NE, 
the University of Nebraska (UN) and the National Arbor Day Foundation (NADF) also conducts 
hazelnut breeding research. These programs place a greater emphasis on the second strategy 
(interspecific hybridization between C. americana and C. avellana) to contend with 
overwintering pressure in the Midwest (Molnar and Capik, 2012a). In 1996, NADF began its 
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efforts by introducing plant material from the Badgersett Research Corporation in Canton, 
Minnesota where approximately 5,000 seedlings were purchased and planted for evaluation. The 
seed originated from an open pollenated hazelnut planting that included a diverse collection of 
hybrid hazelnuts plants and provided a broad base of genetic diversity to found the program. In 
2000, NADF began to expand their germplasm collection through a membership group 
consisting of people growing hazelnuts on small farms or through personal plantings. By 2010, 
over a half-million hazelnut seedlings have been provided to NADF through the collective, 
which has grown to include over 100,000 people.  
 During this time (2000 to 2010), a partnership was formed between NADF and UN to 
implement a systematic evaluation of the plantings (Molnar and Capik, 2012a). Although there 
was a lack of genotypic replication within their plantings, four-year yield-averages identified a 
handful of individuals with superior yields (Hammond, 2006). Later NADF’s top ten selections 
were asexually propagated and shared with RU, where they were put through field trials for EFB 
resistance evaluation. Several individuals that remained resistant were given to RU for 
incorporation into their breeding program as parent plants. Hybrid seed from those parents is 
now under evaluation in Nebraska and New Jersey (at RU). Their objective is to develop hybrid 
hazelnuts for commercial production under the extreme cold conditions of the Midwest U.S.  
This demonstrates the importance of networking among breeding centers and the pursuit of 
interspecific hybrid hazelnuts by academic breeders. The partnership between NADF, UN, and 
RU now includes OSU and is formalized as the Hybrid Hazelnut Consortium.  
 
Improving the hazelnut breeding cycle  
  The breeding cycle first developed by (OSU) in the Pacific Northwest (OSU) was first 
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summarized (Figure 1.1) for use by the hazelnut breeding community by Mehlenbacher (2009, 
2011). This cycle includes a series of stages that start with the generation of new Corylus seed 
and progresses through germination and on to cultivar release. The typical breeding cycle 
requires a 17-year period from the time new seed is obtained to the time of new cultivar release. 
New seed is typically procured through germplasm collection or controlled crosses in year 1. 
Following germination the next spring, seedlings grown in greenhouses undergo A. anomala 
inoculation during the summer. Highly tolerant or completely resistant seedlings are transferred 
to the field in the third year. Marker assisted selection (MAS) has been limited to the resistance 
loci of six parental genotypes identified by OSU. Programs typically identify new sources of 
EFB resistance by phenotypic screening; where, susceptible seedlings are eliminated by 
phenotyping 12- to 16-months after inoculation. Unfortunately this process is inefficient and 
costly, as some seedlings do not express EFB susceptibility until after many years of field 
evaluation. Evaluation of nut production and quality begins in the cycle’s 6th year (the plants’ 
5th year) and continues until year 9. During the 4-year evaluation stage, plants are removed if 
they display deleterious traits which include: EFB susceptibility, poor pellicle removal, late 
flowering, non-circular nuts, thick shells, and nut enclosing husks. Individuals selected for the 
cycle’s second phase of replicated performance trials begin asexual propagation by tie-off 
layering in year 8. Performance trials are then established in year 10 with replicated evaluation of 
nut traits continuing during years 13 to 17. This breeding flow places the generation time at an 8-
years from seed to seed and the time period from seed to cultivar release at 17-years.   
 Progress in tree crop breeding is inherently slow and meaningful achievement in 
germplasm improvement requires a consistent and prolonged effort.  For the hazelnut, OSU and 
RU programs each create up to 5,000 new seedlings for annual entry into the hazelnut breeding 
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cycle (Mehlenbacher, 2009; Molnar and Capik, 2012a). This represents a huge, but necessary, 
commitment of time and resources. Any procedures that decrease the breeding cycle time or 
improve selection efficiency will improve breeding programs’ effectiveness and longevity 
(Nocker and Gardiner, 2014).  Subsequent sections will explore existing bottlenecks in the 
breeding cycle associated with steps 2-4 and 8-10 (Figure 1.1) and consider how progress could 
be accelerated with improved: 1) asexual propagation techniques and 2) selection of seedlings 
that contain new sources of EFB resistance.  
 
Asexual propagation of Corylus.  
Asexual propagation is an essential tool that is currently required to move material from 
the first to the second step in the hazelnut breeding cycle. This step is currently a bottleneck in 
the process as woody species (trees and shrubs) are generally more difficult to asexually 
propagate than herbaceous species. And, unfortunately, many of the difficulties encountered 
during asexual propagation of many woody species exist for the Corylus spp. (Nas and Read, 
2004a; Read, 2013; Sandoval Prando et al., 2014).  Whether using micropropagation or 
conventional vegetative methods (cuttings or grafts), species including Corylus, that are 
considered to be ‘recalcitrant’ by propagation experts encounter problems associated with high 
phenolic levels, slow growth, endogenous infection, and variability in: ex-plant physiology or 
cutting health, the time needed before tissue harvest, and in the responsiveness of different aged 
tissue that all hinder the asexual propagation of woody species. These challenges, in part, explain 
why efforts to improve genetic and varietal traits of woody materials have been slower and far 
less consistent during recent decades than those for herbaceous plants that are much easier to 
propagate (Varshney and Anis, 2014).  Fortunately, scientists are calling for renewed efforts to 
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expand research on woody species with economic importance to agriculture and the environment 
and cite improvements in our understanding of plant nutrient requirements and plant growth 
regulators (PGR) as reasons for optimism (Varshney and Anis, 2014). Subsequent sections 
review important asexual propagation techniques and challenges, while focusing on Corylus 
propagation.   
 
Micropropagation methods. Corylus germplasm responds variably to in vitro conditions (Hand et 
al., 2014; Hand and Reed, 2014). Due to this, only a small number of micropropagation protocols 
have been developed over decades of research on commercially valuable C. avellana cultivars 
(Yu and Reed, 1995). Today only about 15 cultivars are produced commercially by tissue 
culture, though advances are being made for in vitro media optimization (Hand et al., 2014; 
Hand and Reed, 2014).  
In the Pacific Northwest, select clonal C. avellana cultivars are made available to 
commercial nurseries through micropropagation (Hand and Reed, 2014; Yu and Read, 1995). 
For the hybrid hazelnut, a complete micropropagation system has been developed for just four 
cultivars (Nas and Read, 2004b). Unfortunately, neither C. americana or C. avellana are 
amenable to micropropagation, and their recalcitrant nature causes variability in shoot growth 
and multiplication and in vitro rooting (Bacchetta et al., 2008; Yu and Read, 1995). Efforts to 
optimize the growing media for select hybrid hazelnut and C. avellana genotypes are working to 
adjust minor nutrients, minerals, and hormones to improve the growth and multiplication of 
explants grown in vitro (Nas and Read, 2001, 2004a, 2004b; Hand et al., 2014; Hand and Reed, 
2014). Root development and ex vitro acclimatization are less developed and understood than are 
improvements to media nutrition and associated successes are limited (Bacchetta et al., 2008; 
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Nas and Read, 2004b; Yu and Read, 1995). Additionally, both Corylus species are predisposed 
to bacterial contamination during explant establishment, and this slows research progress 
(Bacchetta et al., 2008; Ercisli and Read, 2001).  
In the past, micropropagation of select C. avellana genotypes occurred with high explant 
contamination and low shoot multiplication rates (Bassil et al., 1992; Diaz-Sala et al., 1990; Yu 
and Reed, 1993). Fortunately, in 1995, Yu and Reed published a micropropagation system for C. 
avellana (1995) that significantly improved the ability to clone select genotypes, making 
genotype replication much easier to obtain for breeding and genetic studies. Explants from 
grafted greenhouse-grown plants were compared to those from branches and suckers of field-
grown trees (6 to 10 years old). They found explants from grafted greenhouse-grown plants 
decreased contamination rates and improved shoot elongation and that, the month of tissue 
collection (i.e. plant age) affected explant growth, multiplication, and contamination rates. 
Another significant finding was that high rooting rates were achieved both in vitro and ex vitro. 
While this was not the first report of in vitro rooting (e.g. Diaz-Sala et al., 1990), it was the first 
demonstration of continued rooting ex vitro and acclimation to greenhouse conditions with 
growth suitable for soil planting. Yu and Reed also reported that nearly all micropropagules that 
did not root in vitro would later root ex vitro on greenhouse misting benches and that they could 
develop normally. Using five genotypes, that work observed genotype by treatments effects 
during each stage of micropropagation. While the Yu and Reed (1995) work did not lead to a 
universally viable micropropagation technique for Corylus, it did provide the basis for many 
subsequent studies. 
Subsequent efforts have included the development of culturing media, as the nutrient and 
mineral concentrations in culturing media for C. avellana have been found to be sub-optimal for 
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the hybrid hazelnuts, and so limit explant growth and establishment (Nas and Read, 2001). Nas 
and Read (2004a) addressed this by developing media based upon the hazelnut kernel nutrient 
composition. After compiling a decade of media improvement work, Nas and Read (2004b) 
released successful protocols to establish, grow, and multiply explants that appear to work well 
for hybrid hazelnut germplasm (Kreiser, 2015). Despite such improvements, however, in vitro 
rooting remains the bottleneck for micropropagation of hybrid hazelnuts (Kreiser, 2015).  
Recent work by Kreiser (2015) sought to explain the variable root induction of hybrid 
hazelnut genotypes that is observed in response to indole-3-butyric acid (IBA) treatments. She 
hypothesized that the conversion rate of IBA to the active indole-3-acetic acid (IAA) might 
correspond with root induction rate. Ulmus Americana was used as a model system to confirm 
this theory. Ulmus Americana genotypes with high IBA-to-IAA conversion returned high rooting 
rates while genotypes with the lowest rooting rates were determined to have the lowest levels of 
IAA after treatment. In the five hybrid hazelnut cultivars that study also examined, IBA-to-IAA 
conversion rates were found to be variable. However, difficulties in obtaining reliable rooting 
data prevented them evaluating the relationship between root induction and IBA-to-IAA 
conversion. Based on that study, Kreiser suggests IBA-to-IAA conversion is partially responsible 
for the rooting variability observed in hybrid hazelnuts. Even though many other factors can 
contribute to successful rooting, Kreiser suggested genotypes with low conversion rates be 
considered for removal from breeding programs. This however, could result in loss of otherwise 
valuable genetic materials. If rooting could be induced by explant rejuvenation and ex vitro 
rooting techniques such materials might be retained. Chapter 2 of this thesis will explore 
potential to improve root induction on hybrid hazelnut tissue by root softwood stem cuttings.  
 
 18 	  
Mound layering. The asexual propagation method that is most widely used during the breeding 
cycle (and by commercial nurseries) is mound layering (Ercisli and Read, 2001; Erdogan and 
Smith, 2005; Hand and Reed, 2014). Today U.S. breeding initiatives still rely heavily on layering 
techniques to advance new Corylus selections through the breeding cycle (Fischbach, 2009, 
2010; Mehlenbacher, 2011; Olsen and Smith, 2013). Even though mound layering is a somewhat 
archaic and laborious technique, it is inexpensive and does not require genotype-specific 
protocols for new C. avellana and hybrid hazelnut selections (Fischbach, 2009; Fischbach and 
Brasseur, 2010). Unfortunately, this method can only produce about 10 to 20 new plants per 
parent tree (Erdogan and Smith, 2005; Fischbach, 2009). This low yield limits the rate of plant 
increase and with this, how fast performance trials and genetic studies can expand. 
Layering creates genetically identical plants through root induction on the stem tissue of 
attached shoots that are partially buried in rooting medium. Layering techniques vary by the way 
shoot segments are buried, but they generally follow similar steps. First, new shoots or suckers 
develop on the parent plant through normal growth or assisted pruning. Girdling or auxin 
treatments are at times used to induce root formation in tissues of recalcitrant plant species prior 
to burying the shoot segment. One year following treatment and burying, root development on 
the stem tissue is typically sufficient for removal from the source plant. Removal is 
accomplished by cutting the shoot below the new root growth (Erdogan and Smith, 2005; 
Fischbach, 2009). While more advanced techniques continue to be developed, the simplicity and 
reliability of layering allows the technique to maintain a prominent role in breeding programs 
and nurseries. 
In the U.S., the most common form of layering Corylus spp. is mound (or stool) layering 
(Erdogan and Smith, 2005). This style is preferred because the pattern of shoot growth in C. 
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americana and C. avellana allows many shoots to be simultaneously buried, or mounded, rather 
than burial of individual shoots, which is the case for simple, tip, and compound layering. 
Typically, the new shoots of C. avellana are tightly bunched at the primary trunk, and the hybrid 
hazelnut is densely stemmed due to the endemic shrub architecture of C. americana. For both 
plant architectures, mound layering begins in November by either coppicing or pruning the 
source plant. The hybrid hazelnut is typically coppiced to 1 in from the ground, and C. avellana 
is pruned within the canopy. By the following summer, 10-20 new shoots form and root 
induction proceeds via stem girdling and an auxin application. Hog-ring staples or metal twist-
ties girdle stems 6-12 inches from the base, and below this point, an auxin solution (near 1000 
ppm indole-3-butyric acid) is applied onto the stem, which is still considered softwood or semi-
hardwood at this time. Following treatment, the shoots are buried 12 or more inches deep with 
rooting media (e.g. moist sawdust) before root elongation ensues. Rooting occurs at nearly 100% 
when shoots are girdled or treated with auxin and 75% of shoots are ready for transplanting one 
year following the initial coppice (Erdogan and Smith, 2005). Moreover, newly rooted shoots 
can be harvested from the rooting media as early as fall of the same year (Erdogan and Smith, 
2005; Fischbach, 2009). New plants sometime require 1 year of growth in nursery beds prior to 
field planting. The technique is commonly able to transition new selections to replicated 
performance trials within 2 years of the initial coppicing event (Mehlenbacher, 2009, 2011). 
Again, due to low yields, mound layering is not able to provide plants in sufficient quantity for 
experimentation outside of the standard breeding flow.  
 
Stem cuttings. Asexual propagation by cuttings is a third technique that is intermediate to mound 
layering and tissue culture in terms of the plantlet yield and cost; propagation by cuttings is less 
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expensive than tissue culture and more productive (yield per propagation cycle) than mound 
layering (Contessa et al., 2011, 2012; Cristofori et al., 2010).   
 Propagation by cuttings develops adventitious roots on the basal portion of stem material 
containing 2-4 axillary buds. Stem tissue is usually harvested from woody species' canopy or 
suckers, and the method remains entirely ex vitro. Adventitious rooting typically occurs on 
greenhouse benches with mist or high humidity. Following sufficient rooting, cuttings are 
acclimated to greenhouse conditions for vegetative growth.  Again, challenges associated with 
the use of recalcitrant species, i.e. slow and variable response to treatment that hinder other 
asexual propagation efforts, must be overcome. At present, protocol development efforts for 
Corylus spp. are focused on identifying and optimizing the variables affecting adventitious 
rooting and bud health, which have been longstanding barriers to the successful use of cuttings 
for propagation. While a complete cutting protocol is not yet developed, several recent studies of 
C. avellana cultivars have increased adventitious rooting and bud retention by manipulating 
conditions and hormone treatments (Contessa et al., 2011, 2012; Cristofori et al., 2010).  
Promising treatments promote adventitious rooting of Corylus cuttings, which does not occur 
readily without treatment. Even with standard auxin treatments (1000-3000 ppm IBA), rooting is 
often low and irregular depending on many factors (i.e. genotype, tissue age, harvest time, and 
possibly ethylene) (Cristofori et al., 2010; Ercisli and Read, 2001). Several experiments have 
achieved adventitious rooting rates deemed to be sufficient (>60%) on stem cuttings from select 
C. avellana cultivars (Bassil et al., 1991; Contessa et al., 2011, 2012; Cristofori et al., 2010; 
Proebsting and Reihs, 1991). Work by Contessa et al. (2011) also overcame bud abscission 
which occurs in some cases after sufficient rooting is achieved and has been a second bottleneck 
for Corylus spp. propagation (Lagerstedt, 1982). Their work reported high root induction rates 
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along with bud retention by stem cuttings of traditional C. avellana cultivars following 
appropriate treatment (Contessa et al., 2011). The transferability of their protocol to other 
germplasm including C. americana or the hybrid hazelnut has yet to be demonstrated.  
 Progress is likely to be made through enhanced understanding of how auxin and ethylene 
co-regulate adventitious root induction and bud health. While auxin impacts plant development 
at many stages, it plays a key role in root growth regulation by promoting adventitious (and 
lateral) root growth and inhibiting primary root elongation (Skůpa et al., 2014). Skůpa et al. 
(2014) describe root induction as a response to wounding events, including stem severing used 
for propagation by cuttings. Following a wounding event, auxin is transported downward 
through the phloem (Baker, 2000) where it localizes in cells just above the wound (Sachs, 1991). 
Following this, heightened auxin levels trigger cambium cell differentiation into callus cells at 
that site, which is the first stage of adventitious root formation (De Klerk et al., 1999). The levels 
of auxin typically rise quickly within 48 hours of wounding (Skoog and Miller, 1957) and 
regulate cell differentiation into adventitious roots where, elongation and growth proceed once 
auxin levels decline (Skůpa et al., 2014).  
 Auxin also affects the regulation of ethylene production which in turn, can affect leaf 
drop and bud abscission following stress-inducing events, such as stem severing (Reid, 1985; 
Serek et al., 2006). Reports are limited, however, on ethylene’s effect on adventitious root 
growth. Several studies attempt to ascertain ethylene’s effect on this process by observing non-
ethylene producing mutants compared to treatments that exogenously apply the ethylene 
precursor aminocyclopropane carboxylic acid (ACC) (as reviewed in Muday et al., 2015). 
Increased ethylene production in Arabidopsis results in a negative effect on adventitious root 
formation (Negi et al., 2009). In Solanum lycopersicum (tomato), however, adventitious root 
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formation increases with ACC treatment or in mutants that overproduce ethylene (Negi et al., 
2009).  Ethylene's effect on a given species is thought to be variable because of unknown 
interactions, or crosstalk, with auxin (Beynon-Davies et al., 2013; reviewed in Muday et al., 
2015).  
 Crosstalk between auxin and ethylene contributes to variability in adventitious rooting 
observed among woody species (Beynon-Davies et al., 2013; as reviewed in Muday et al., 2015). 
A recent study on C. avellana indicates ethylene is an important consideration when rooting 
Corylus stem cuttings (Contessa et al., 2011). The study reports that bud abscission decreases 
with the application of ethylene inhibitors without a reduction in rooting rate. While ethylene 
inhibitors have been successfully used for a limited number of C. avellana genotypes, it is not 
certain this approach is widely transferable to other Corylus species. The Contessa et al. (2011) 
findings warrant experimentation on a broader swath of genotypes, including the hybrid 
hazelnut. Review of the relative costs and productivity of ever-improving propagation methods 
suggests that efforts to streamline and accelerate the rate of asexual reproduction of Corylus spp. 
should concentrate on the optimization of conditions and hormone treatments applied to stem 
cuttings. Chapter 2 will follow up on this by testing the effect of low IBA treatments and 
ethylene inhibitors to induce rooting and bud retention on hybrid hazelnut softwood cuttings.  
 
Improving selection for eastern filbert blight resistance 
 Over the past decade breeding for EFB resistance has improved with our understanding of 
the pathogen’s genetic, pathogenic, and spatial diversity (Cai et al., 2013; Molnar et al., 2010a, 
2010b; Muehlbauer et al., 2014a). As breeding programs pursue gene pyramiding of several 
monogenic resistances into narrow genetic background (Molnar and Capik, 2012a; Sathuvalli et 
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al., 2014a, 2014b), efforts to identify additional sources of resistance look to vast germplasm 
collections of C. avellana (Capik and Molnar, 2012; Capik et al., 2013; Molnar et al., 2007, 
Muehlbauer et al., 2014b; Leadbetter et al., 2015). Domestic evaluations collectively have 
introduced over 100 new selections resistant to EFB. Early selection is needed to screen progeny 
resulting from these selections but this can be a laborious and expensive process. Presently, 
screening EFB is performed as part of steps 1-4 of the breeding cycle by phenotyping, which is 
problematic because the latent phase of A. anomala can last up to 24-months following artificial 
inoculation (Molnar et al., 2010b). The delayed expression of EFB increases costs associated 
with maintaining potted seedlings prior to culling plants with disease. While marker assisted 
selection is not yet available to expedite screening new progeny segregating for EFB resistance, 
emerging tools hold great promise.  Tools like the real-time PCR method developed by Molnar et 
al. (2013a), serve as an early selection tool for A. anomala infection that is genotype-independent 
like DNA markers. 
 
Anisogramma anomala biology. As noted previously, the life cycle of A. anomala complicates 
breeding for resistance due to a symptomless latent period that persists during the first year 
(Johnson and Pinkerton, 2002). Anisogramma anomala is an obligate, biotrophic fungus that 
obtains its nutrients through colonization of its endemic host, C. americana, upon which it is 
dependent to complete its lifecycle. The pathogen is classified as an ascomycete that is in the 
order Diaporthales and spreads by spores (De Silva et al., 2009; Johnson and Pinkerton, 2002). 
In a natural setting, the cycle begins with ascospore release from cankers on diseased hazelnut 
wood. During periods of precipitation or high humidity, the cankers absorb water causing the 
asci to swell and discharge ascospores from the perithecia (Gottwald and Cameron, 1980b; 
 24 	  
Pinkerton et al., 1990, 1998). This can occur from early fall to late spring, but hazelnut stems are 
susceptible to infection only once vegetative buds break dormancy and begin active growth 
(Johnson et al., 1994). Upon release from the asci, ascospores become airborne and spread 
through dispersion methods that include wind currents, water runoff down branches, and 
splashing during heavy rain (Pinkerton et al., 1990, 1998). Dispersal through air currents is 
suggested to allow ascospores long-distance travel and water-related movement provides 
methods for A. anomala population increase through secondary infection of neighboring stems 
(Pinkerton et al., 1998).  
  Infection occurs following the irreversible attachment of ascospores to the stem. This 
occurs most densely at the basal end of trichomes that are located on the stem’s terminal 
internode (Pinkerton et al., 1995; Stone et al., 1992). Within 96 hours of attachment, the stem’s 
epidermis is penetrated by single germ hypha. The hypha expands within the stem’s epidermis to 
form a lobate intracellular vesicle capable of interaction with the host cell’s cytoplasm. Infection 
continues to spread into the cambium and vascular tissues of the stems, causing cells to become 
necrotic in the process (Pinkerton et al., 1995). The pathogen does not form cankers until a 
chilling and dormancy requirement is met (Gottwald and Cameron, 1980b; Johnson and 
Pinkerton, 2002; Pinkerton et al., 1995). Following dormancy, elliptical stromata appear 
underneath the plant’s cambium tissue by mid-summer and cankers break through the stem’s 
bark layer by late summer. Infection continues to spread systemically within the infected stem’s 
vascular tissue and canker development occurs perennially (Johnson and Pinkerton, 2002).  
 
Anisogramma anomala pathogenicity and genetic diversity. Isolates from A. anomala 
populations collected across the pathogen’s endemic range exhibit a wide range in pathogenicity 
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and genetic diversity (Coyne et al., 1998; Molnar and Capik, 2012a; Pinkerton et al., 1998; 
Sathuvalli et al., 2014a). This raises concern over the durability of EFB cultivars developed in 
the Pacific Northwest where the disease is not endemic and thought to have developed from a 
single point of introduction (Pinkerton et al., 1998). The first reports on disease incidence in 
Oregon-resistant accessions came in 2010 (Molnar et al., 2010a, 2010b). During field trials in 
New Jersey, the ‘Gasaway’ cultivar and offspring ‘VR20-11’ developed EFB cankers (Molnar et 
al., 2010a), supporting the theory that A. anomala diversity exists outside the Pacific Northwest. 
In that same year, 12 hazelnut genotypes deemed completely resistant in Oregon (Coyne et al., 
1998; Chen et al., 2005, 2007; Lunde et al., 2000) were subjected to greenhouse inoculations 
using A. anomala collected from 12 different endemic geographies (Molnar et al., 2010b). Only 
five of the 12 genotypes expressed no sign of infection (e.g. sunken lesions or canker presence) 
across all A. anomala isolates. Six genotypes displayed EFB symptoms in response to a subset of 
isolates (Molnar et al., 2010b). ‘Closca Molla’ was the only cultivar to incur infection from each 
of the 12 isolates. Interestingly, only the MI isolate elicited infection symptoms in each of the 
experiments’ seven genotypes exhibiting susceptibility. That study is the most thorough survey 
of A. anomala pathogenic variation to date. 
 Study of A. anomala diversity has continued through genetic analysis using microsatellite 
markers (Cai et al., 2013). An initial microsatellite marker screening with 39,361 loci reported 
polymorphic loci are sufficiently high to conduct genetic diversity studies. In an initial test, A. 
anomala collected from 4 geographically distinct regions shows high diversity at 11 polymorphic 
sites (Cai et al., 2013). Investigators characterized 30 isolates from those four geographies. That 
study provided a “proof-of-concept”, noting that data are under development for a larger  
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collection of isolates representative of the A. anomala population structure. That work 
underscores the need for introduction of a diversity of EFB resistances into breeding programs.  
 
Screening for eastern filbert blight disease. Since the discovery of the ‘Gasaway’ resistance gene 
(Mehlenbacher et al., 1991), Corylus spp. collections have produced a number of new resistant 
selections. Among them are four resistant C. avellana selections that contain novel dominant 
genes at a single locus (Sathuvalli et al., 2014a). Resistance genes have been mapped to linkage 
groups and linked to DNA markers by observing the co-segregation of EFB presence with SSR 
and RAPD markers (Chen et al., 2005; Sathuvalli et al., 2011a, 2011b, 2012). Collectively, the 
resistance genes reside across linkage groups two, six, and seven. Resistance alleles in 
‘Gasaway’, OSU 408.040, and ‘Culpa’ are assigned to linkage group six (Chen et al., 2005; 
Sathuvalli et al., 2012). The resistance allele in ‘Ratoli’ is on linkage group seven (Sathuvalli et 
al., 2011a). The OSU 759.010’s resistance allele is assigned to linkage group two (Sathuvalli et 
al., 2011b, 2014a). These cultivars and selections are now being used in intraspecific 
hybridization with commercial C. avellana cultivars that have superior kernel quality and yield. 
Gene pyramiding also attempts introgression of resistant genes from different linkage groups in 
an effort to improve durability to EFB (Sathuvalli et al., 2014a). Progeny resulting from these 
approaches have been screened using DNA markers and are under evaluation in Oregon and 
New Jersey (Molnar and Capik, 2012a).   
 Breeders anticipate that new EFB-resistant germplasm collections will contain many 
unique resistant alleles. An initial genetic diversity study of 323 resistant accessions with over 
39,000 microsatellite markers supports high genetic diversity among resistant germplasm 
(Muehlbauer et al., 2014b). Mapping populations are under development to study inheritance and 
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create linkage maps for resistant alleles; however, breeders are years away from developing 
markers resistance for resistance alleles within this new germplasm. Meanwhile, applied 
breeding programs proceed to introduce these resistant selections into the breeding cycle, 
pursuing a host gene-independent method to detect EFB.  
 A real-time PCR assay that is pathogen-dependent provides opportunity to screen new 
resistance sources prior to identifying resistance alleles (Molnar et al., 2013a). Prior to the use of 
this assay, seedlings with new EFB resistance were screened by phenotyping EFB symptoms, 
requiring 12- to 36-months following artificial inoculation (Molnar et al., 2010b). The real-time 
PCR assay serves as an early generation phenotypic selection tool by detecting A. anomala in its 
symptomless latent phase (Molnar et al., 2013a). This assay decreased time until detection of A. 
anomala infection in susceptible seedlings from 12- to 16-months to 15 weeks with 82% success 
and 29 weeks with 100% success. Their study was designed to develop and validate a real-time 
PCR assay, providing an avenue for continued improvement of A. anomala detection. Chapter 3 
of this thesis attempts to further improve A. anomala detection by altering stem tissue sampling 
size. 
 
Summary  
 Perennial cropping systems are underutilized within the row crop dominated agricultural 
landscape of the Midwestern U.S. Desire to integrate perennial systems into this landscape is 
increasing as these systems gain favor for their ability to sequester carbon, filter water, prevent 
erosion, and reduce nitrogen loss while producing food for commercial markets. However, 
integration of commercial tree crop systems will be restricted to the availability of regionally 
adapted cultivars. Tree species are inherently difficult to breed because of the need to maintain 
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large plant populations for long periods of time. For multiple decades, hazelnuts have remained 
in a pre-adoption phase as breeders develop regionally adapted cultivars. My thesis investigates 
avenues to improve the efficiency of the Corylus breeding cycle by overcoming bottlenecks 
associated with asexual propagation of cuttings and screening for EFB resistance.  
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Chapter 2: Effects of indole-3-butyric acid and silver nitrate on the rooting of hybrid 
hazelnut (Corylus americana x C. avellana) stem cuttings 
 
Abstract 
 While herbaceous species experience root induction quite readily following Indole-3-
butyric acid (IBA) treatment, woody species often require secondary applications of hormones, 
such as cytokinins or ethylene. For Corylus spp., asexual propagation by stem cuttings provides a 
good method for genotype replication during the breeding process, but improvements to 
protocols are needed to make the process more efficient.  Low and frequently variable root 
induction rates limit adventitious rooting of C. avellana and the hybrid hazelnut (C. americana x 
C. avellana). An additional challenge for cuttings is bud abscission, which often limits 
propagation success after rooting is achieved. This study determined whether hormone 
treatments that successfully induced high levels of adventitious rooting and bud retention on 
semi-hardwood C. avellana stem cuttings would be effective when used on softwood tissue of 
hybrid hazelnut seedlings. The first experiment compared rooting and bud retention rates in 
cuttings treated with 500 and 1000 ppm IBA with rates observed in an untreated control. The 
second experiment tested responses in 250-, 500-, and 1000-ppm IBA treatments supplemented 
with 250 ppm AgNO3. Adventitious rooting was observed at high rates (above 60%) in all IBA 
amended treatments in both studies; this was more than 3 times greater than rates (17%) 
observed in the untreated control that was included in experiment 1. Bud abscission was not 
observed on rooted cuttings, including those produced from untreated controls, which may be 
due to the use of softwood tissue as opposed to older tissues. This and unexpectedly high levels 
of budbreak, facilitated successful growth post-rooting. These results provide a promising step 
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forward for the asexual propagation of hybrid hazelnut germplasm by applied breeding 
programs. 
 
Introduction 
 The hazelnut is a valuable global crop that ranked sixth amongst tree nut crops in total 
production in 2012 (FAOStat, 2012a). With just under 1 million tonnes of in-shell nuts being 
produced annually, the scale of global hazelnut production is comparable to that of pistachios 
(1,005,436 tonnes) and a bit less than that of chestnuts (1,998,880 tonnes) and almonds 
(1,934,817 tonnes) (FAOStat, 2012a). Turkey and Italy regularly provide 80-90% of the world’s 
hazelnut supply (FAOStat, 2012b). The U.S., France, Georgia, and Spain have established 
consistent commercial yields and occupy a majority of the 10-20% of global production that 
remains (FAOStat, 2012b). Efforts to improve cultivars to increase productivity and expand 
production into new regions are ongoing in all of those countries (Mehlenbacher, 2005; Molnar 
et al., 2005a; Rovira et al., 2014). Relatively young initiatives that include performance trials are 
also in place in China, Australia, and Chile (Baldwin and Guisard, 2014; Ellena et al., 2014; 
Grau and Bastias, 2005; Grau et al., 2001; Xie et al., 2014). These initiatives take many years to 
expand because they must rely on asexual propagation for C. avellana and the hybrid hazelnut 
(C. americana x C. avellana) and important techniques like layering, suffer from low yields and 
so cannot satisfy nursery supply or breeding program needs (Contessa et al., 2012; Cristofori et 
al., 2010; Ercisli and Read, 2001; Erdogan and Smith, 2005; Hand and Reed, 2014). Layering 
typically produces just 10-20 new plants per tree per cycle, which can support establishment of 
just one performance trial of low sample numbers (Erdogan and Smith, 2005; Fischbach, 2009).  
 In the U.S., micropropagation is being pursued as an alternative to layering, but to date 
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successful in vitro protocols have only been developed for a handful of commercial genotypes 
(Hand and Reed, 2014; Yu and Reed, 1995). Challenges to micropropagation (e.g. explant 
contamination during in vitro establishment; insufficient shoot multiplication and elongation; 
inconsistent in vitro root induction) hinder all steps of the breeding process (Garrison et al., 
2012; Nas and Read, 2004; Read, 2013;Yu and Reed, 1993, 1995). Improved protocols, such as 
media optimizations, are not always transferable among genotypes (Hand et al., 2014; Hand and 
Reed, 2014), making development of a universal in vitro medium unlikely (Hand et al., 2014). 
Recently, response curve studies have been used to optimize mineral and minor nutrient media 
compositions for several new C. avellana cultivars (Hand et al., 2014; Hand and Reed, 2014). 
This approach allows investigators to individualize medium development for new genotypes. 
This is an improvement over trial and error based approaches that have been used to determine 
whether existing media produced satisfactory shoot growth and multiplication (Hand et al., 
2014). Optimization of media for propagation of individual cultivars should improve the success 
of in vitro propagation of Corylus selections but, even with such improvements, tissue culture 
based methods will remain too costly in terms of both time and money, to be used to increase 
genotypes for selection within the breeding cycle. Micropropagation is most importantly applied 
during the later phases of the process, where tailoring of propagation media is justified for new 
genotypes destined for commercial adoption.   
 Propagation by cuttings offers an alternative to layering and micropropagation, that can be 
usefully applied to materials undergoing selection or that need to be increased to enter into the 
breeding flow (Contessa et al., 2011, 2012; Cristofori et al., 2010). To be successfully 
implemented, protocols must be refined to support consistent rooting of stem tissue, bud 
retention and regrowth.  While satisfactory production levels are sometimes achieved through 
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cuttings, the factors that influence success (genotype, tissue collection time, and stem tissue age) 
have not been standardized (Cristofori et al., 2010). While adventitious roots can be induced 
readily in some woody species, C. avellana and the hybrid hazelnut respond minimally without 
hormone application. Auxin is commonly used for its role in the promotion of adventitious 
rooting (Skůpa et al., 2014). However, inconsistent rooting rates have been observed in cuttings 
treated with standard auxin treatments (1000 -3000 ppm indole-3-butyric acid (IBA)) (Ercisli and 
Read, 2001). This is because auxin influences the production of ethylene, which regulates the 
onset of leaf drop and abscission (Ecker, 1995; Reid, 1985). This explains why bud abscission on 
newly-rooted stems often limits development of cuttings (Bassil et al., 1991; Contessa et al., 
2011; Lagerstedt, 1982; Proebsting and Reihs, 1991). Auxin and ethylene interactions vary 
among species (as reviewed in Muday et al., 2015; Negi et al., 2009). For example, an increase 
in ethylene has a negative effect on adventitious rooting in Arabidopsis thaliana but a positive 
influence in Solanum lycopersicum (tomato) (Negi et al., 2009). In C. avellana, initial studies 
show adventitious rooting with minimal bud abscission when low concentrations of IBA (500-
1000 ppm) are used individually or in combination with a one-time foliar spray of an ethylene-
blocking compound (silver nitrate (AgNO3) or 1-Methylcyclopropene (1-MCP)) (Contessa et al., 
2011). These findings are promising but these methods have only been applied to a limited 
number of traditional C. avellana cultivars.  Protocols that manage auxin-ethylene crosstalk 
might achieve consistently high levels (>60%) of adventitious rooting without bud abscission 
(Contessa et al., 2011). The effect of low IBA concentrations and ethylene-blocking sprays 
should be tested on a greater number of genotypes to determine the usefulness of this approach to 
applied hazelnut breeding programs.   
 The objective of this study was to observe adventitious rooting and bud abscission in the 
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softwood stem cuttings of promising hybrid hazelnuts using F1 progeny developed from a bi-
parental controlled cross of C. americana and C. avellana made by Forest Agriculture 
Enterprise, which has been a leading provider of hybrid hazelnut seedlings to Midwest U.S. 
hazelnut growers for more than a decade (Fischbach and Brasseur, 2010). Observations were 
made on two experiments: experiment 1) which included an untreated control and two IBA 
treatments (500 and 1000 ppm) and, experiment 2) which compared cuttings treated with three 
IBA level (250, 500, and 1000 ppm) that were all supplemented with 250 ppm AgNO3.   
 
Materials & Methods 
Plant Materials. The stem tissue utilized in this study was derived from a seed-grown F1 
progeny of a bi-parental controlled cross between two hybrid hazelnut (C. americana x C. 
avellana) breeding selections, GR-8 and CR-9, obtained from Forest Agriculture Enterprise 
(Viola, WI) (Shepard, personal communication). Neither GR-8 (maternal parent) or CR-9 
(paternal parent) have complete pedigrees because they were produced in open cross-pollenated 
nurseries. The GR-8 selection is a known descendent of the cultivar ‘Grand Traverse’, which is a 
hybrid hazelnut accession developed by C. Farris that was introduced in 1989. The morphology 
of Gr-8 follows that of ‘Grand Traverse’ relatively closely for several aspects of nut morphology: 
nearly round nuts, a thin shell, and a kernel that fully occupies its shell (a plump nut). The Gr-8 
plant also has relatively regressed husks that expose the nut, and, through 15-years of field trials, 
it shows minimal damage from eastern filbert blight (EFB), the devastating disease caused by A. 
anomala. Gr-8 is multi-stemmed, but it does not sucker vigorously like C. americana. Replicated 
trials for yield data are not yet publically available but are under assessment at the University of 
Wisconsin - Extension. The paternal parent, Cr-9, comes from an unknown origin, and was 
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selected in part for its upright architecture that resembles the typical structure of C. avellana 
when in its multi-stemmed form. The CR-9 selection also possesses favorable nut characteristics. 
The nut size also resembles that of C. avellana as opposed to C. americana or the typical hybrid 
hazelnut, though the husk encompasses the nut. Through long-term field trials Cr-9 also appears 
to have high resistance to EFB, showing only sunken-unsporulating lesions and few cankers 
(Shepard, personal communication).   
 The seeds were harvested in September 2012 and maintained in dry, cold storage until 
March 2013. Upon removal, the seeds were soaked in-shell for 6 hours 
in water followed by 12 hours in 50 ppm Giberellic Acid (GA3) 
(Sigma, St. Louis, MO, USA). On 6 March 2013, the seeds were 
planted in flats that contained a peat-based planting medium (Pro-mix 
BX, Premier Tech Hort., Québec, Canada) in the greenhouse at the 
Illinois Natural History Survey greenhouses, Champaign, IL. Sixty-
seven seeds germinated and were used to harvest stem material. When 
seedlings reached 10-15 cm in height, they were transplanted into 10 x 
10 x 25.4 cm pots using the same planting media, and pots were top 
dressed with 5 grams of 14-14-14 slow release fertilizer (Osmocote). 
The seedlings were grown under high-pressure sodium halide lights at 16-hours per day and 
watered as needed. Greenhouse room temperatures were kept between 24o and 29o C during the 
day and 20o C at night. They were grown until approximately 60 cm tall, for use in the 
propagation experiments (24 May 2013).  
Figure 2.1 Rooted stem 
cutting showing root 
induction and budbreak 30-
days post-treatment. 
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  Three to eight cuttings were obtained from each of 67 seedlings produced from seed 
provided by FAE. Prior to application of hormone treatments, the apical bud of each stem was 
removed from each seedling. The remaining stem was cut at a 45o angle at every third node to 
produce cuttings with three buds. Only the softwood material was harvested; and, stem tissue 
was not used if the cambium tissue layering began to show brown coloration or was hardened at 
the time of treatment. A representation of the stem cuttings is shown in Figure 2.1. The lowest 
two leaves were removed and the highest leaf was reduced in size by approximately one-half.  
 
 Treatments. Experiment 1 and experiment 2 were established on different benches within the 
same room located in Turner Hall Greenhouses. In experiment 1, stem cuttings were treated with 
IBA at 500 and 1000 ppm, or water (0 ppm IBA) as the control. Experiment 2 treated stem 
cuttings with IBA levels of 250, 500, and 1000 ppm with a basal dip supplemented by a foliar 
spray of 250 ppm AgNO3. For both experiments, each hormone treatment contained 3 replicates 
with 15 samples (stem cutting) per replication.   
 Experiments 1 and 2 were set up sequentially starting with experiment 1. The following 
protocol was used for both experiments. The IBA and AgNO3 
(Sigma, St. Louis, MO, USA) solutions were made as described by 
Contessa et al., (2011), before the basal 3 cm of each cutting was 
dipped into treatment solution (IBA or water) for 1 min. Cuttings 
were planted into 48 cell plug trays containing a 1:1 (by volume) 
mixture of vermiculite to perlite and placed under 60% shade cloth 
on the misting benches. At the time of transplant, the basal bud 
was buried below the surface of the media and the top two buds 
Figure 2.2 Stem cuttings post-
treatment on misting benches. 
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were above the media surface (Figure 2.2). Misting benches used CoolNet Pro Foggers (MMXI 
Netafim Irrigation, Inc., CA, USA), which were regulated with a NOVA 1626ET controller 
(Phytotronic, Inc. St. Louis, MO.). Flats were randomly assigned locations within each bench. 
For experiment 2, flats were then sprayed with 250 ppm AgNO3 until runoff using a 1 L. hand 
spray bottle. Mist frequency and duration were adjusted as needed based upon daily weather 
variation to maintain the time until mist evaporation from the cuttings’ leaf relatively equal to the 
cycle frequency. Greenhouse temperatures were maintained at 29/24 ˚C (day/night) and 
supplemental lighting was not used.  
 
Data Collection and Analysis. The cuttings were observed on 1 Aug. 2013 (70 days after 
transplant) for the presence of callus, roots, bud abscission, and budbreak. The number of rooted 
cuttings with callus was counted for each treatment. Additionally, the number of rooted cuttings 
that exhibited budbreak was counted. Data were subjected to ANOVA to assess interactions of 
IBA by rate and IBA+250ppm AgNO3 by rate using the mixed procedure, where replicate was 
treated as a random variable; mean differences were determined with lsmeans and the Tukey 
Kramer test using the SAS Software (Statistical Analysis Software, Inc., 2013).  
 
Results and Discussion 
Experiment 1. Both IBA treatments produced a significant effect on rooting compared to the 
control (α = 0.05), with 500 and 1000 ppm treatments result in in root formation in 78% and 82% 
of the cuttings, respectively. Rooting rates in the control were only 17%. Bud abscission was not 
observed in the experiment, and the onset of budbreak was observed at the time of data 
collection. Budbreak was higher (α = 0.05) in rooted cuttings treated with 500 ppm IBA (11%) 
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than in the control (2%) or the 1000 ppm IBA treatment (4%) (Table 2.1).  
 The use of semi-hardwood tissue and the application of endogenous IBA have been 
associated with the onset of bud abscission in Corylus (Bassil et al., 1991; Contessa et al., 2011). 
Contessa et al. (2011) hypothesized that bud abscission in response to endogenous IBA 
application may be a consequence of ethylene production. In this study, the absence of bud 
abscission could be a consequence of low IBA concentrations or the use of softwood plant 
material instead of more mature tissue (e.g. semi-hardwood), which would be likely to have a 
higher phenolic content. Nevertheless, the experiment demonstrated high adventitious rooting 
with bud retention could be achieved on “advanced” hybrid hazelnut progeny, and be of value to 
applied breeding efforts.   
 
 Experiment 2. Each treatment in experiment 2 promoted adventitious rooting with no significant 
differences among treatments (α = 0.05). Rooting rates of 62%, 62%, and 67% resulted from 
250, 500, and 1000 ppm IBA plus 250 ppm AgNO3, respectively (Table 2.2). Again, bud 
abscission was not observed within the population, and budbreak was prevalent across all 
treatments. The percent of rooted cuttings with budbreak was greater in the 250 ppm IBA plus 
250 ppm AgNO3 treatment (48%) than that in the 1000 ppm (31%) or 500 ppm (35%) IBA 
treatments (α = 0.05) (Table 2.2). The trend suggests that budbreak rates increased as levels of 
IBA declined (α = 0.05) (Table 2.2). Levels were all greater than those observed in experiment 1, 
which again, included similar levels of IBA without the AgNO3.  
 Silver nitrate has previously been shown to prevent bud abscission in C. avellana 
(Contessa et al., 2011), but this effect has not been observed when ethylene production levels are 
low, which would be expected to be the case for the softwood tissue used in this study. Auxins 
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are cited to cause bud abscission, and it is hypothesized this occurs through an up-regulation of 
ethylene production (Contessa et al., 2011; Ecker, 1995; Reid, 1985). The decline of IBA 
concentration (ethylene production) in experiment 2 treatments effectively promotes greater 
budbreak. This observation supports the theory that the strong inhibition of ethylene production 
can help regulate budbreak shortly following adventitious root induction. 
 Using seedlings in this study prevented control of genotype that could have been provided 
by use of stem cuttings from a common scion. Preliminary efforts did attempt to replicate 
genotype by using cuttings made from mature Gr-8 and Cr-9 selections collected at FAE’s field 
site in Viola, WI, which is one of the few existing breeding populations in the region. 
Unfortunately, following transport to University of Illinois, plant material quality declined, and 
despite repeated efforts, cuttings failed to successfully root. By using materials grown from seed 
at the University of Illinois, we were able to control plant care from germination to stem tissue 
harvest and limit the time from harvest to treatment. 
 Additionally, while the progeny segregates for quantitative traits related to nut and kernel 
morphology and EFB resistance, there is no indication that the progeny segregates for a gene, or 
set of genes, controlling adventitious rooting or ethylene regulation. The breeder and lead 
nurseryman of Forest Agriculture Enterprise indicate that they considered both parent plants 
(CR-9 and GR-8) to be recalcitrant (Shepard, personal communication) with regard to 
propagation.  
 The results of this study provide a foundation for future experimentation on the 
transferability of hormone treatments to semi-hardwood tissue, which is more abundant in 
breeding programs that have established field plantings. This was assessed as a follow up 
experiment with semi-hardwood stem tissue from C. avellana cultivars ‘Ratloi’ and ‘VR 20-11’ 
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that were provided by Rutgers University (Appendix A). The experiment observed zero root 
induction in stem cuttings, and bud abscission was prevalent throughout the population. Under 
different conditions (i.e. tissue collection time, tissue location on the parent plant, hormone 
treatments), adventitious rooting might be achieved with semi-hardwood tissue from field grown 
trees, as seen with Cristofori et al. (2010). However, at this time, if sufficient softwood tissue can 
be produced, the hormone treatments presented in this chapter appear suitable for applied 
breeding programs to obtain viable rooted cuttings.  
 
Conclusions for  future breeding propagation efforts 
 This study applied hormone treatments shown to be effective for C avellana to hybrid 
hazelnut seedlings. In both experiments, adventitious rooting was greater than 60% in all 
hormone treatments with no bud abscission and variable levels of budbreak. It is undetermined 
whether budbreak at this stage during propagation is advantageous, unfavorable, or irrelevant for 
continued vegetative growth of the cutting. If a sufficient amount of the growing season remains 
following adventitious rooting, forcing early budbreak could improve vegetative growth 
achieved before the plant enters fall dormancy. Conversely, if adventitious rooting takes place in 
the late summer or fall, shoot elongation following bud break may have negative consequences if 
elongation becomes stunted during the photoperiod change. Sufficient carbohydrate stores are 
required to cycle newly-rooted cuttings through artificial dormancy. If stores are expended 
during shoot elongation, the cuttings may not survive artificial chilling.   
 It is worth noting that in both experiments, at least one stem cutting from each seedling, 
irrespective of treatment, was observed with adventitious root formation. Because minimal 
quantities (3-8) of stem cuttings were provided per seedling, an analysis for a genotype effect 
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was not preformed. 
 To ascertain whether crosstalk (endogenous interaction and co-regulation) of auxin and 
ethylene cause change in regulation of Corylus bud break, a wider range of both hormone 
concentrations should be tested. Additionally, ethylene induction treatments should be 
considered using the ethylene-precursor aminocyclopropane carboxylic acid so that other 
physiological inflection points can be identified. Examining the effect of auxin-ethylene 
treatments across a wide concentrations range will provide clarity for ethylene’s effect on the 
bud health of stem cuttings as well as the rate and vigor of adventitious root formation.   
 This study suggests treatments reported in Contessa et al. (2011) are sufficient for the 
propagation of softwood hybrid hazelnuts stem cuttings, and they should be considered for 
further experimentation. The use of IBA concentrations at 500 and 1000 ppm accomplishes 
suitable rooting with no noticeable onset of bud abscission. IBA plus 250 ppm AgNO3 promotes 
adventitious rooting and a high level of budbreak at 70-days following transplant. Budbreak may 
assist to promote sufficient vegetative growth on newly rooted cuttings prior to dormancy. This 
protocol may be effective in applied breeding programs, but grafted liners maintained in the 
greenhouse are likely required to provide sufficient quantities of healthy softwood plant material.   
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TABLES 
Table 2.1: Percentage of adventitious root formation and budbreak when cuttings 
of subterminal softwood from seedlings of GR-8 x CR-9 were treated with IBA 
treatments. Rooting and budbreak data at 70-days post-treatments are represented 
by the means of three-treatment replications (n = 15). These treatments were 
randomly distributed on the same rooting bench. 
 
IBA 
(ppm)  
AgNO3 
(ppm) 
Rooted 
(%)c  
Standard 
Error 
Budbreak 
(%)d  
Standard 
Error 
0 - 17a 2.5 2a 2.2 
500 - 77b 2.5 11b 2.2 
1000 - 82b 2.5 4a 2.2 
 
a,bAt an ⍺  = 0.05, similar superscripts indicate treatments with insignificant differences in their 
effects based on the differences in lsmeans when using the Tukey-Kramer test. 
cRooting is defined as those cuttings that callused and rooted by the time of harvest, 70-days 
following transplant. 
dBudbreak refers to those rooted cuttings that exhibited at least one axillary bud beginning 
growth at the time cutting were harvested. 
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Table 2.2: Percentage of adventitious root formation and budbreak when cuttings 
of subterminal softwood from seedlings of GR-8 x CR-9 were treated with IBA 
plus AgNO3 treatments. Rooting and budbreak data at 70-days post-treatments are 
represented by the means of three-treatment replications (n = 15). These 
treatments were randomly distributed on the same rooting bench. 
 
IBA  AgNO3   
Rootingc 
(%) 
Standard 
Error Budbreak
d  Standard Error 
250 250 62a 2.5 48b 2.2 	  
500 250 62a 2.5 35a 2.2 
1000 250 66a 2.5 31a 2.2 
 
a,bAt an ⍺  = 0.05, similar superscripts indicate treatments with insignificant differences in their 
effects based on the differences in lsmeans when using the Tukey-Kramer test. 
cRooting is defined as those cuttings that callused and rooted by the time of harvest, 70-days 
following transplant. 
dBudbreak refers to those rooted cuttings that exhibited at least one axillary bud beginning 
growth at the time cutting were harvested. 
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Chapter 3: Early detection of Anisogramma anomala (eastern filbert blight) in hazelnuts 
using a real-time polymerase chain reaction assay 
 
Abstract 
 Eastern filbert blight (EFB) is a disease caused by the fungal pathogen Anisogramma 
anomala that currently constrains the expansion of commercial hazelnut production in the U.S. 
Over the past decade, reports of genetic and virulence diversity of the pathogen have motivated 
germplasm collection to expand sources of genetic EFB resistance available to U.S. breeders. 
Today, thousands of new Corylus spp. seedlings have been screened and over 100 new EFB 
resistant selections have been reported. Marker assisted selection is available for several 
selections, but phenotypic screening for EFB susceptibility is typically required to select 
offspring. Phenotypic selection is a constraint to breeders, as it requires 12- to 16-months before 
A. anomala symptomology becomes visible. Recent advances suggest that real-time polymerase 
chain reaction (real-time PCR) can accelerate detection of pathogen infection by detecting the 
fungus within hazelnut stem tissue during its latent period. The objective of this work was to 
build upon the real-time PCR protocol and determine whether increasing the tissue sample size 
two- to three-fold reduces the time until detection. Seedlings from two progeny were used as 
resistance and susceptible test groups to compare real-time PCR data to the presence of EFB 
confirmed through phenotyping. With this change, A. anomala was detected with 100% success 
at each time interval (30, 55, and 90 days post-inoculation) sampled based on comparison with 
plants that would later develop EFB cankers. These results suggest secondary hyphae likely 
originate to between 10 and 30 DPI. Further, excision of a larger tissue sample did not impede 
expression of the phenotype or reduce plant growth. By increasing sample size, adding an 
internal control sequence to the real-time PCR cocktail, and optimizing primer and probe 
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concentrations, this study increased the reliability and shortened the time to EFB detection and 
demonstrated how this method can be used to accelerate the progress of hazelnut breeding 
programs by detecting resistant seedlings 11 to 15-months before susceptible seedlings would 
develop disease cankers.  
 
Introduction 
 The fungus Anisogramma anomala (Peck) E. Muller is the casual agent of eastern filbert 
blight (EFB) and represents a serious constraint on commercial hazelnut production in North 
America (Thompson et al., 1996; Molnar and Capik, 2012). The pathogen which is now found 
across the country, was originally endemic to the east of the Rocky Mountains where it 
exclusively resides on C. americana in the wild. Due to the close association between its hyphae 
and intracellular vesicle with the host cytoplasm, the fungus is described as biotrophic (Johnson 
and Pinkerton, 2002; Pinkerton et al., 1995). While resistance to the fungus has been observed in 
C. americana germplasm, the commercial yield and kernel qualities of this species are low 
compared to C. avellana, which is the dominant species used by commercial growers in Europe 
and the Pacific Northwest U.S. Unfortunately, C. avellana is extremely susceptible to EFB and, 
A. anomala infection of this species results in branch dieback, stem girdling, and often plant 
death within several years (Gottwald and Cameron, 1980; Johnson and Pinkerton, 2002). The 
severity of A. anomala has necessitated the development of resistant hazelnut cultivars in lieu of 
intensive cultural management in susceptible orchards (Julian et al., 2009; Thompson et al., 
1996). Over the last two decades, breeding EFB resistance into hazelnut cultivars with 
commercially viable yield and kernel quality traits has been the focus of the several U.S. 
breeding programs. 
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 The lifecycle of A. anomala complicates breeding efforts by prolonging the process needed 
for selection of susceptible seedlings that exist within field trials in U.S. breeding programs. 
During the hazelnut breeding process, traditional phenotypic selection for EFB resistant 
seedlings includes a 12- to 16- month symptomless latent period occurring at the beginning of 
the fungus’ lifecycle before visible cankers develop on susceptible genotypes (Gottwald and 
Cameron, 1980; Johnson and Pinkerton, 2002). In a natural setting, infection is initiated by 
ascospore release during periods of rain in the spring months and attachment to juvenile stem 
tissue (Pinkerton et al., 1995, 1998). Infection can occur anytime following bud break but 
requires young juvenile tissue. Ascospores attach to trichomes on the first internode of hazelnut 
stems and fungal hyphae penetrate the cell wall of the underlying epidermal cells before they 
grow systemically throughout the vascular tissue of the plant for the duration of the season 
(Pinkerton et al., 1995). Following winter chilling and host dormancy, A. anomala forms cankers 
that break through the infected bark layer of susceptible cultivars between 12- to 16- months 
following infection. Cankers commonly spread perennially along the vertical axis of stems and 
into adjoining branches as the disease progresses (Johnson and Pinkerton, 2002). In some cases, 
canker development following greenhouse inoculation occurs only after 2 or 3 cycles through 
dormancy, indicating A. anomala may require multiple dormancy cycles to screen seedlings by 
traditional phenotyping at 100% accuracy (Molnar et al., 2010).  Efforts are needed to streamline 
the screening process to support expansion of a U.S. hazelnut market.  
 U.S. hazelnut breeding currently takes two approaches for the introgression of EFB 
resistance into the genetic background of commercial C. avellana cultivars (Molnar, 2011), 
including: 1) interspecific hybridization between C. americana resistant accessions and 
commercial quality C. avellana cultivars (Weschcke, 1954; Coyne et al., 1998; Sathuvalli and 
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Mehlenbacher, 2012; Molnar and Capik, 2012) and, 2) the sourcing of novel EFB resistance 
from a broad geographic distribution of wild C. avellana for intraspecific hybridization (Chen et 
al., 2005, 2007; Coyne et al., 1998; Molnar et al., 2007; Sathuvalli et al., 2009, 2010, 2011a, 
2011b; Leadbetter et al., 2015). While U.S. programs use both approaches, the second method is 
responsible for the development of most EFB-resistant cultivars (Mehlenbacher et al., 2009, 
2011, 2014).  
 Over the past decade, many new EFB resistant selections have been identified within the 
Corylus spp. This includes several resistant C. avellana selections that contain novel single 
dominant genes. Linkage group assignment and DNA marker development have been achieved 
by observing the co-segregation of disease phenotypes with SSR and RAPD markers (Chen et 
al., 2005; Sathuvalli et al., 2011a, 2011b, 2012).  The resistance genes of these cultivars have 
been mapped to three linkage groups which include: ‘Gasaway’, OSU 408.040, and ‘Culpa’ 
(linkage group 6) (Chen et al., 2005; Sathuvalli et al., 2012); ‘Ratoli’ (linkage group 7) 
(Sathuvalli et al., 2011a); and OSU 759.010 (linkage group 2) (Sathuvalli et al., 2011b; 
Sathuvalli et al., 2014). These cultivars and selections are now used in intraspecific and 
interspecific hybridizations, which include gene-pyramiding tactics developed by Oregon State 
University and the resulting progeny are under evaluation in Oregon and at Rutgers University in 
New Jersey (Molnar and Capik, 2012). While the small subset of EFB resistant germplasm 
possessing these genes can be screened efficiently via marker-assisted selection (MAS), 
exclusive reliance on single gene resistance is not advisable (Molnar et al., 2010). The majority 
of the over 100 new EFB resistant selections that have been reported in recent years do not 
possess single gene resistance and so, while they may offer more durable resistance, they must 
still be screened by phenotyping visible A. anomala symptomology (Molnar and Capik, 2012).  
 65 	  
 To increase breeding efficiency and derive utility from these new resistance sources, 
Molnar et al. (2013) developed a real-time PCR assay as an early generation phenotypic 
selection tool that could screen seedlings in progeny without known resistant alleles. This assay 
decreased time for detection of A. anomala infection in susceptible seedlings from 12- to 16-
months to 15 weeks with an 82% success rate; and, after 29 weeks screening was 100% accurate. 
It is not clear whether or not acceptable detection rates could be achieved at earlier sampling 
times or if sampling method could be adjusted to increase assay performance. That study was 
designed to develop and validate a real-time PCR assay, thus, tissue sampling of infected 
hazelnut seedling stems was very small. Stem scrapings were 1.0-1.5 cm long and 1.0 mm deep 
to avoid negative impacts on seedling growth and subsequent development of visible EFB 
cankers.  
 Very likely any missed detection of A. anomala infection that occurred between weeks 4 
and 29 was not due to the efficacy of the assay but rather to the sampling location of stem tissue 
measured in relation to the physical presence of A. anomala.  This may not be the case for the 
first four weeks following infection. Following inoculation, the growth A. anomala is limited 
where around 4 days following ascospore attachment to the first internode of the hazelnut stem, 
germination occurs and the epidermal tissue is directly penetrated by the a single germ hypha per 
ascospore (Pinkerton et al., 1995). By 10 days following inoculation ascospore cytoplasm is 
transferred through the penetrated hypha into a newly formed intercellular vesicle located within 
the Corylus epidermal tissue (Pinkerton et al., 1995). At this time, A. anomala causes necrosis of 
surrounding Corylus cells. In each instance of infection of susceptible Corylus seedlings 
observed by Pinkerton et al. (1995), the spread of infectious hyphae did not proceed beyond 
locations proximal to their respective points of epidermal tissue penetration and surrounding 
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necrotic cells provided a barrier to the spread of infectious hyphae. This may explain why, even 
though many hyphae penetrate the stem’s epidermal tissue, few penetration events result in 
secondary hyphae and spread and, when this does occur, why spread is restricted to a few 
locations on the stem (Johnson et al., 1994). Accordingly, to improve detection using real-time 
PCR during early stages of disease development, the stem tissue sample size must span the 
locations in which initial hyphae penetration occurs. In the stem tissue sampling system 
developed by Molnar et al. (2013) the fourth internode down from the apical meristem was 
tagged following inoculation. In the weeks following inoculation, the tag directs tissue sampling 
to the internode that was most proximal to the apical meristem at the time of inoculation, four 
internodes above the tag. The first internode at the time of inoculation is the location where A. 
anomala infection occurs. This is where A. anomala is expected to colonize as the plant proceeds 
to grow. By increasing tissue sample size two- to three-fold (from 1-1.5 to 2-3cm), which often 
covers the length of an internode, we expect to increase the rate of A. anomala detection in 
infected seedlings relative to time following inoculation.  
 The objective of this work was to evaluate the potential to improve the Molnar et al. (2013) 
protocol in relation to detection time following inoculation and test the hypothesis that increasing 
inoculated seedling tissue sample size can reduce time to detection of A. anomala within 
susceptible seedlings. This would be a value to applied breading programs because it could 
reduce the time seedlings are kept potted in the greenhouse by several months, cut costs and 
allow programs to screen far larger populations than could be managed using traditional 
phenotypic screening methods. 
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Materials and Methods 
Assessing the performance of a real-time PCR assay with a stem tissue sample size of 2.5-3.0 cm:  
Plant materials. Rutgers University (RU) provided two full-sib progeny populations for this 
study: Cross 13542 and 13504. Progeny from Cross 13542, H3R07P25 x ‘Sacajawea’ segregates 
for a heterozygous single dominant resistant gene at a 1:1 resistant to susceptible seedling ratio. 
The H3R07P25 parent imparts resistance (Molnar, personal communication), and ‘Sacajawea’ 
provides the susceptible EFB allele. The susceptible seedlings from this cross comprised our 
susceptible test group and were identified as such by the traditional phenotyping protocol 
following inoculation. Cross 13504 (‘Estrella #1’ x H3R10P88) served as the study’s resistant 
test group. This cross was expected to remain free of infection as both parents hold resistance 
alleles. ‘Estrella #1’ is a hybrid hazelnut generated from a cross between C. heterophylla var. 
sutchuenensis and the C. avellana cultivar ‘Holder’. ‘Estrella #1’ shows complete resistance 
(Chen et al., 2007) and remains free of EFB in New Jersey. It is unknown if ‘Estella #1’ is 
homozygous or heterozygous for the resistance allele. The H3R10P88 cultivar imparts resistance 
to its offspring in a clear 1:1 ratio, indicating it is heterozygous dominant for a single resistance 
gene.  
 The seeds were collected in September 2013 and were maintained at RU in moist chilling 
environment at 4o C until February 2014 when they were shipped to Illinois. Germination took 
place at the Plant Sciences Laboratory at the University of Illinois in flats containing moist, 
shallow peat-based material (Pro-mix BX; Premier Horticulture), with the greenhouse room 
maintained at a 16-h day length and a 24o C/18o C day/night temperature regime. Once shoots 
appeared, plants were transplanted into 3.7-liter pots containing the same peat-based material. 
The seedlings were fertilized with 200 ppm liquid fertilizer (Peters Professional 20N-20P-20K) 
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on a weekly basis and watered as needed. After the plants reached a minimum of 50 internodes, 
they were pruned back to approximately 20 internodes to force branching and generate multiple 
points for inoculation per plant.  
 
Fungal inoculum. Hazelnut branches infected with visible stroma of A. anomala were obtained 
from RU (February 2012). The fungal material represents the A. anomala isolate population used 
by RU in their field trials that are located at the Rutgers Vegetable and Extension Farm, New 
Brunswik, NJ, and include 12 isolate populations (Molnar et al., 2010b) obtained from states 
distributed throughout the Eastern and Midwestern U.S. Infected hazelnut branches were stored 
at RU’s facilities in polyethylene bags maintained at -20o C until they were shipped to Urbana, IL 
(APHIS permit P526P-13-00405).  Once received, materials were immediately stored at -20o C 
until they were used to make inoculum following the methods used by Molnar et al. (2013). 
Briefly, stroma were removed from infected stems, hydrated in distilled water, and ground with a 
mortar and pestle to disrupt perithecia and release ascospores. This mixture was then filtered 
through cheesecloth and diluted to 1x106 ascospores/ml in distilled water. A hemocytometer was 
used to microscopically determine the number of stroma required to produce 20 ml of inoculum 
at the given concentration. The ascospore suspension was freshly prepared each day inoculations 
were made.  
 
Inoculations. Seedlings were held in the inoculation chamber from September 15th to 25th, 
2014. Thirty-seven seedlings from Cross 13504 and 33 seedlings from Cross 13542 entered 
inoculation (Figure 3.1). However, branches were not considered for stem tissue sampling if 
vegetative growth did not continue following inoculation because infection will not occur on 
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stems unless they are actively growing. When plants were 
returned to pre-inoculation growing conditions only 47 
inoculated branches (across 23 seedlings) still maintained growth 
from Cross 13542. The inoculation chamber was constructed of 
polyvinyl chloride tubing encased with polyethylene sheeting 
and placed on top of the greenhouse bench (Figure 3.2). Two 
commercial humidifiers were used as needed to keep the chamber’s 
humidity near 100%. Each stem intended for inoculation was 
labeled with electrical tap at the fourth internode below the 
apical meristem. This guided stem tissue sampling to the proper 
internode as plant growth ensued following inoculation. Stem 
tissue was excised from the internode closest to the apical 
meristem at the time of inoculation. Following a 24-hour 
acclimation period to the humidity chamber, the progeny were 
inoculated three times (September 16, 19, and 22, 2014) on 72-
hour intervals by spraying the ascospore solution (1x106 
ascospores/ml) with a hand pump sprayer directly on the apical 
meristem of each stem until runoff. The seedlings were  
maintained in the humidity chamber for three days following the final inoculation. Uninoculated 
controls were maintained under similar humidity conditions and sprayed with water in place of 
the inoculum. The plants were returned to their original growing conditions following 
inoculation and remained there until dormancy. 
 In December 2014, the plants were cycled into artificial dormancy without light in 4o C 
Figure 3.1 Branched seedling from 
Cross 13504. 
Figure 3.2 Inoculation chamber 
with and without Corylus 
seedlings. 
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coolers. Watering occurred as need every 1-2 weeks. The following April, plants were removed 
from dormancy and placed in initial conditions to resume 
growth. In early July 2015, plants were phenotyped for 
EFB symptoms. Unambiguous presence of EFB cankers 
was required for the positive identification of disease 
presence (Figure 3.3). This phenotypic data was used to 
validate the real-time PCR detection results. 
 
Plant material sampling. Stems were sampled lengthwise 
for a continuous 2.5 to 3.0 cm strip of stem epidermis at the 
internode that was closest to the apical meristem at the time of inoculation; this location was 4 
internodes above the electrical tape label. Figure 3.4 depicts excision of stem issue. In cases 
where the internode length was smaller than 2.5 cm, the tissue sample extended to equally into 
both adjacent internodes. The sampling was 1-2 mm deep and included duplicate tissue from 
opposing sides of the stem. Sampling occurred three times 
at 30, 55, and 90 days post inoculation (DPI). Ten 
randomly selected branches were sampled from Cross 
13504 at each DPI, and some seedlings were sampled twice 
over the course of the experiment. Between 20 and 22 
randomly selected branches were sampled from the 
progeny seedlings of Cross 13542 at each sampling time. 
Some branches were sampled twice over the course of the 
experiment, and each seedling was sample twice.  
Figure 3.3 EFB canker development on 
seedlings from Cross 13542.  
Figure 3.4 Plant tissue sampling of an 
inoculated hazelnut stem.  
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DNA extractions. All extractions occurred within 24-hours of taking the tissue samples. The 
FastDNA™ SPIN KIT (MP Biomedicals, LLC) was used to extract A. anomala genomic DNA 
from hazelnut tissue samples by following the manufacturer protocol. Between 15 and 40 mg of 
plant tissue was excised from infected hazelnut stems and cut into approximately 1-mm strips to 
aid homogenization. Samples were homogenized using the “Double Cracking” technique that the 
FastPrep®-24 Instrument (MP Biomedicals, LLC) recommends and chilled on ice for an hour 
between homogenizations to facilitate plant material decomposition. The FastPrep®-24 
Instrument ran for 40 seconds at 60 oscillations/second with two 1/4 inch ceramic beads to lyse 
cells and release DNA. Following homogenization, the manufactures protocol was followed to 
complete the reactions. Solution containing extracted A. anomala DNA was diluted to 1:2 with 
Tris buffer. Each extract was analyzed in duplicate. 
 
Real-time PCR assay conditions. Real-time PCR reactions were performed using the 
Mx3005P™ qPCR system (Stratagene). Assay conditions followed Molnar et al. (2013) with 
minor changes noted here that include the larger sample size, addition of an internal control 
sequence to the real-time PCR cocktail, and minor optimization of primer and probe 
concentrations. Cycling conditions began with 120 sec. at 50o C followed by an additional 120 
sec. at 120o C. Target amplification, occurred over of 40 cycles of 15 sec. at 95o C followed by 
45 sec. at 60o C. The reaction size was 12.5 µl, which consisted of 2.5 µl of DNA sample and 
10.0 µl of assay cocktail. The assay cocktail contained 6.25 µl of Invitrogen Platinum SuperMix-
UDG (Life Technologies), 300 nM of forward and reverse primers, 200 nM of FAM probe, 150 
nM of internal control probe, 50 nM ROX reference dye, BSA 400 ng/µl, and ultra pure water to 
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make VT = 12.5 µl.  
The PCR product was 135 base pairs. Primer and probe design were the same as those used 
by Molnar et al. (2013). The forward primer AaITSF1 sequence was 5’-
TTTGTGAATCTTCTCCGTTGC-3’ and the reverse primer AaITSR1 was 5’-
TCATTTCTGTCAAAGGCTCAGA-3’. The TaqMan probe (AaITS-probe1) was designed as  
5’-6FAM-CGGCCCCATAAACACTGCTCCTGTT-/3IABkFQ/-3’, having the fluorophore 
fluorescein amidite at the 5’ end and the Iowa Black FQ quencher at the 3’ end.   
The semi-log standard curve from Molnar et al. (2013) was replicated using a five point serial 
dilution (10.00 e+8 to 10 amplicon copies per µl) of purified A. anomala (Fig 3.5). A critical 
threshold (Ct) value of 35 cycles or less was required for a positive detection. A Ct above 35 
cycles was considered to be below the assay’s sensitivity based upon the standard curve and was 
not counted as detected. This curve showed a linear relationship between Ct values and amplicon 
quantity. The slope was -3.461 with a correlation coefficient (R2) of 1.000 and efficiency of 
94.5%. The standard curve was included in each real-time PCR plate that assayed hazelnut stem 
tissue from Cross 13504 and Cross 13542. Ct values from real-time PCR were compared with 
phenotypic data to assess the accuracy of A. anomala detection. 
 
Results and Discussion 
Detection rate of the real-time PCR assay with the 2.5 - 3.0 cm stem tissue sample size: 
 Real-time PCR detection of A. anomala infection for the resistant seedlings (Cross 13504) 
was 0% (n=10) (Table 3.1) on all sampling dates except for day 55, when one of 10 seedlings 
was positive for EFB. Phenotypic evaluation of these seedlings 44 weeks after inoculation found 
no cankers on branches except for the one individual previously detected by real-time PCR.  We 
 73 	  
suspect that the seedling that developed cankers at 55 DPI was mislabeled; the other explanation 
is that the ‘Estrella #1’ resistance allele is heterozygous. Nevertheless, there were no false 
negatives for the resistant control.  
 Real-time PCR detection of A. anomala in the Cross 13542, which was expected to 
segregate at a 1:1 resistant to susceptible seedling ratio determined that about 55% of stems were 
EFB positive at [30 (n=22), 55 (n=20), and 90 DPI (n=22)] and that the positive detections 
exactly matched the EFB phenotype (canker development data) taken at 44-weeks following 
inoculation (Table 3.1). Each seedling was sampled at least twice over the course the experiment. 
There were 6 cases in which stems on the same seedlings had contradictory results; one branch 
displayed EFB cankers and was detected by real-time PCR while a second branch on the same 
seedling was not detected by the assay and showed no EFB symptoms at phenotyping. These 6 
cases are thought to be accurate assessments of disease status and indicate that inoculations did 
not result in infection.  
 Based on our results we can conclude that A. anomala detection can be improved with 
enlarged tissue sample size. In the weeks following initial infection A. anomala remains 
relatively proximal to the location of hypha penetration, which can occur anywhere along the 
stem’s first internode. As a result, missed detection is possible if stem tissue sample size is less 
than internode length.  
 Early and exclusive detection of A. anomala infected seedlings with real-time PCR 
provides some indication of the fungus’ lifecycle. While the major stages of A. anomala’s 
lifecycle are characterized (Johnson and Pinkerton, 2002), the host-pathogen interactions that 
lead to secondary hyphae spread following germ hypha penetration are not well understood. 
Pinkerton et al. (1995) note that susceptible C. avellana exhibit a hypersensitive-like response 
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(HR-like) (e.g. papilla formation and epidermal cell necrosis surrounding germ hypha) that 
prevents secondary hyphae development at most infection sites. By 10 DPI secondary hyphae 
were not observed using micrograph techniques to view hundreds of infection sites (Pinkerton et 
al., 1995). Pinkerton et al. (1995) concluded that hyphae spread beyond germ hypha penetration 
is a rare event only occurring under a high volume of penetration events. Building from their 
explanation, two hypotheses for their observations are that a high volume of penetration events 
can delay or alter the papilla formation at some infection sites, or time beyond 10 DPI is required 
for pathogen-secreted enzymes can degrade the papilla and allow secondary hyphae 
development. Though the pathway of development remains undetermined, the real-time PCR 
results reported in our study help to narrow the likely time period in which secondary hyphae 
originate to between 10 and 30 DPI. Study of histological changes during this twenty-day period 
will elucidate the host-pathogen interactions that give way to secondary hyphae development.   
 Confirming detection of A. anomala infection soon following inoculation also allows the 
real-time PCR assay to be used to track and quantify hyphae growth throughout the hazelnut 
stem during A. anomala’s latent period. This can be an effective technique to measure resistance 
in hazelnuts expressing phenotypes that restrict EFB canker spread along the stem’s vertical axis 
or disrupt canker formation with lesions. Hazelnut selections that confer resistance (or tolerance) 
following hyphae establishment are prevalent in applied breeding programs, but the selection of 
these traits in seedlings by phenotype is difficult without several years of disease development. 
Selection with real-time PCR may increase the utility of these traits. However, experimental 
design will require new inoculation methods that standardize the amount of starting pathogen 
that colonize the plant vascular tissue, which may involve stem wounding and insertion of in 
vitro grown hyphae directly into the stem vascular tissue. Inoculating in this way will allow 
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exclusive comparison of post-infection resistances, bypassing mechanisms of pre-infection 
resistance, and allow hyphae growth and spread to be testable measures of resistance.  
 After optimizing the real-time PCR assay developed by Molnar et al. (2013), we were able 
to reduce time to detection down from 29 weeks to just 4 weeks with a 100% successful 
detection rate of A. anomala infection by making stem tissue sampling size 2 to 3 fold larger to 
equal internode length. This report confirms the real-time PCR assay is an ideal method of 
phenotyping and provides further justification to use the assay in the applied breeding setting 
because culling seedlings at 4 weeks saves an additional 25 weeks of costs associated with 
growing susceptible plants.  
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Table and Figure 
 
Table 3.1: Detection of Anisogramma anomala infection using real-time polymerase chain reaction 
(PCR) in a tissue sample size of 2.5-3.0 cm compared to symptoms of eastern filbert blight in two 
Rutgers University progeny (13504a and 13542b).  
   
 A. anomala detection 
by real-time PCR    44-weeks post-inoculation 
Cross Branches Sampled DPI
d  No detection Detection
e 
  
Branches 
without 
EFB 
symptoms 
Branches 
with EFB 
symptoms 
Number (#) 
13504a 10 30 10 0  10 0 
        13504 10 55 9 1c  9 1 
        13504 10 90 10 0  10 0 
        
13542 Uninoc 2  All  2 0  2 0 
        13542b 22 30 7 15  7 15 
        13542 20 55 11 9  11 9 
        13542 22 90 10 12  10 12  
aCross 13504: Estrella #1 x H3R10P88 
bCross 13542: H3R07P25 (RU accession) x ‘Sacajawea’ 
cThe detected seedling of Cross 13504 is thought to have inherited recessive traits from both 
parents.  
dDays post inoculation (DPI) 
eCt values greater then 35 where outside our standard curve and not considered detections.  
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Figure 3.5: A serial dilution of purified Anisogramma anomala amplicon was used to make a 
five point standard curve to correspond amplicon quantity with critical threshold (Ct) and 
determine the range of amplicon quantities (1E8 to 10 amplicon) in which the standard curve 
remained accurate. The curve has an R2 equal to 1.0 and an efficiency of 94.5%. 
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Thesis Summary 
 Corylus cultivar improvement is time demanding. The generation time is eight years, and 
the breeding cycle from seed germination to cultivar selection requires 18 years. These cycle 
lengths place extra importance on resource use efficiency. This thesis focused on two topics to 
improve breeding program efficiency: propagation of Corylus plants by cuttings and improved 
selection of A. anomala resistance in seedlings by using a real-time polymerase chain reaction 
(PCR) protocol. At present, the asexual propagation of Corylus selections is done by mound 
layering, which is limited to 10-20 new plants annually. Propagation by cuttings is cited as a 
viable alternative method to increase plant yields, but attempts for protocol development report 
low adventitious rooting rates and the onset of bud abscission. Here, we showed low IBA 
concentrations (≤1000 ppm) with and without 250 ppm AgNO3 promote high root rates (>60%) 
on C. americana x C. avellana soft tissue stem cuttings without bud abscission, providing an 
avenue to increase the number of plants produced compared to mound layering. Additionally, 
budbreak on rooted cuttings occurred at higher rates as IBA concentrations declined. Budbreak 
was as high as 48% in the experiment that used 250 ppm AgNO3 with IBA. Lowering IBA did 
not decrease rooting rates in any treatment in experiment 2. Varying IBA concentrations 
provides opportunity to regulate budbreak and possibly continued growth of cuttings following 
rooting. The second area of focus aimed to decrease the time until detection of A. anomala 
infection, and thus the management and greenhouse costs associated with growing seedlings 
prior to culling. In Corylus breeding programs, selection of A. anomala infection is done by 
phenotyping, which requires a 12- to 16-month minimum delay due to the symptomless latent 
period of the fungus. However, visual symptoms may not appear for multiple years. This thesis 
improved early detection of infection by changing the Corylus stem tissue sample size used for a 
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real-time PCR protocol. The real-time PCR assay was previously cited to detect infection in 
Corylus seedlings at 100% 29-weeks following inoculation. We predicted that a 2-3 fold increase 
in stem tissue sampling size would accommodate for the varied location of A. anomala infection 
at times shortly following the onset of infection. At 30, 55, and 90 days post inoculation, the 
real-time PCR protocol with increased tissue sample size detected infection in 100% of the 
seedlings that developed visible A. anomala symptoms 44-weeks later. Together, this work helps 
to improve two bottlenecks within the hazelnut breeding sequence that slow the progression of 
research and consume valuable resources. 
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Appendix 
A. Assessing propagation by cutting protocol and hormone treatments on fall-harvested 
semi-hardwood hazelnut tissue. 	   A	  follow	  up	  study	  to	  Chapter	  2	  assessed	  the	  effect	  of	  low	  IBA	  plus	  silver	  nitrate	  treatments	  on	  the	  adventitious	  rooting	  and	  budbreak	  of	  semi-­‐hardwood	  plant	  material.	  The	  C.	  avellana	  cultivars	  ‘Ratloi’	  and	  ‘VR	  20-­‐11’	  were	  both	  assessed.	  Stem	  material	  was	  harvested	  from	  mature	  field	  plants	  at	  Rutgers	  University	  and	  sent	  via	  two-­‐day	  shipping.	  	  IBA	  was	  used	  at	  500	  ppm	  and	  in	  combination	  with	  AgNO3	  at	  0,	  125,	  250	  and	  500	  ppm.	  Branches	  were	  placed	  under	  mist	  upon	  arrival	  to	  the	  University	  of	  Illinois	  and	  stored	  there	  while	  processed	  into	  cuttings.	  Cuttings	  were	  stuck	  on	  October	  4	  2014.	  Supplemental	  lighting	  was	  used	  to	  simulate	  16-­‐hour	  day	  lengths.	  A	  complete	  random	  block	  design	  was	  used	  across	  both	  2	  benches	  (Figure	  1A).	  The	  basal	  end	  of	  the	  cuttings	  was	  dipped	  into	  IBA	  solution	  for	  1	  min.,	  and	  AgNO3	  treatment	  was	  sprayed	  until	  run	  off	  (as	  in	  Chapter	  2).	  The	  experiment	  concluded	  with	  0%	  rooting	  across	  each	  hormone	  treatment	  and	  cultivar.	  Bud	  abscission	  was	  abundant	  also.	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Figure A.1: Depicted here is the completely randomized design. Yellow boxes represent the 
“Ratoli’ cultivar while white boxes represent the cultivar ‘VR 20-11’. The number (1through 36) 
reflects the replication’s position prior to randomization. The three number codes reflect 
treatment, genotype, and replication, respectively.  
